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ABSTRACT	  	  The	  goal	  of	  this	  project	  is	  to	  design	  and	  implement	  a	  micro-­‐rover	  capable	  of	  supporting	  a	  primary	  rover	  to	  complete	  mission	  specific	  tasks	  and	  objectives.	  This	  rover	  is	  designed	  with	  the	  intent	  of	  interfacing	  with	  many	  different	  robotic	  systems	  due	  to	  the	  ease	  of	  integration	  with	  Robot	  Operating	  System	  (ROS)	  and	  its	  small	  size.	  The	  project	  demonstrates	  the	  possibilities	  for	  smaller	  and	  lighter	  robotic	  rovers	  by	  exhibiting	  a	  small	  tele-­‐operated,	  two-­‐wheel,	  self-­‐righting	  micro-­‐rover	  with	  a	  HD	  video	  stream	  and	  sensor	  feedback	  for	  situational	  awareness	  designed	  for	  use	  in	  space	  applications.	  The	  micro-­‐rover	  project	  proves	  the	  capabilities	  of	  creating	  a	  small	  inexpensive	  secondary	  rover	  to	  play	  a	  key	  supportive	  role,	  allowing	  the	  pair	  to	  complete	  mission	  objectives	  faster	  and	  more	  efficiently.	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1.0	  INTRODUCTION	  When	  developing	  robots	  for	  extraterrestrial	  missions,	  many	  factors	  must	  be	  taken	  into	  consideration,	  forefront	  of	  which	  is	  cost.	  Cost	  includes	  not	  only	  the	  price	  of	  developing	  the	  hardware	  and	  software	  for	  the	  mission,	  but	  also	  transportation.	  Each	  rocket	  is	  a	  single	  use	  launch	  vehicle	  that	  can	  carry	  a	  limited	  mass	  and	  volume	  into	  space.	  (SpaceX	  2011).	  Even	  for	  launching	  into	  low	  earth	  orbit,	  the	  cost	  comes	  to	  approximately	  $1,100	  per	  KG	  (Musk	  2004).	  	  When	  it	  comes	  to	  extraterritorial	  missions	  however,	  the	  transport	  costs	  increases	  since	  the	  same	  rocket	  can	  carry	  less	  mass	  the	  further	  it	  travels.	  Additionally,	  the	  entry,	  decent	  and	  landing	  systems	  needed	  to	  safely	  land	  the	  robots,	  adds	  further	  limit	  to	  the	  mass	  and	  volume	  of	  the	  useable	  payload	  that	  can	  be	  carried.	  For	  example,	  in	  NASA’s	  Mars	  Science	  Laboratory	  mission	  that	  launched	  in	  2011,	  the	  landing	  and	  spaceflight	  systems	  had	  a	  total	  mass	  at	  launch	  of	  3,893kg,	  only	  899kg	  of	  which	  was	  the	  mobile	  rover	  (JPL	  2009).	  Due	  to	  these	  limits	  for	  extraterrestrial	  missions,	  when	  designing	  extraterrestrial	  rovers,	  some	  of	  the	  most	  important	  design	  considerations	  are	  their	  size	  and	  mass.	  	  With	  the	  current	  economic	  climate,	  reducing	  costs	  while	  increasing	  reliability	  of	  space	  flight	  is	  becoming	  the	  driving	  factor	  of	  space	  development.	  NASA	  has	  declared,	  one	  of	  its	  top	  priority	  goals	  for	  recent	  extraterrestrial	  missions	  is	  to	  explore	  “a	  new	  way	  of	  doing	  business”	  (Taylor	  2012).	  This	  includes	  developing	  new	  and	  innovative	  ways	  to	  achieve	  similar	  mission	  goals	  at	  a	  reduced	  cost.	  One	  possible	  solution	  to	  this	  goal	  is	  the	  development	  of	  micro-­‐rovers,	  which	  are	  small-­‐scale,	  lightweight	  rovers	  capable	  of	  performing	  complementary	  tasks.	  Micro-­‐rovers	  offer	  a	  smaller,	  lighter	  weight	  alternative	  to	  single	  large	  planetary	  rovers,	  and	  can	  be	  used	  in	  tandem	  with	  larger	  rovers.	  	  Developing	  lower	  cost	  micro-­‐rovers	  enables	  the	  option	  for	  multiple	  rovers	  to	  be	  deployed	  at	  the	  same	  cost	  of	  a	  larger	  rover.	  	  The	  development	  of	  micro-­‐rovers	  is	  an	  important	  pursuit;	  however,	  issues	  arise	  when	  size	  and	  weight	  restrictions	  are	  of	  such	  great	  concern.	  	  The	  primary	  tradeoffs	  in	  the	  development	  of	  micro-­‐rovers	  are	  between	  functionality,	  size	  and	  mass.	  Large	  cameras,	  experimental	  equipment,	  solar	  cells	  and	  certain	  power	  systems,	  that	  may	  be	  necessary	  to	  complete	  the	  rover’s	  task,	  usually	  have	  a	  large	  mass.	  Furthermore,	  the	  physical	  size	  and	  mass	  restrictions	  on	  micro-­‐rovers	  can	  limit	  the	  rover’s	  performance	  by	  restricting	  wheel	  size	  or	  suspension	  types,	  and	  bound	  the	  rover	  to	  a	  small	  variety	  of	  surfaces	  (NASA	  2012).	  Finally,	  micro-­‐rovers	  are	  more	  challenging	  to	  maneuver	  and	  navigate	  in	  extraterrestrial	  environments,	  because	  they	  have	  few	  sensors	  and	  limited	  onboard	  computation	  ability	  for	  path	  planning	  and	  guidance	  needs	  (Wang,	  et	  al.	  2009).	  In	  order	  to	  be	  useful,	  micro-­‐rovers	  need	  to	  be	  well	  designed	  to	  balance	  functionality,	  size	  and	  mass.	  The	  key	  to	  successful	  micro-­‐rover	  design	  comes	  from	  identifying	  the	  exact	  needs	  of	  the	  rover	  to	  accomplish	  its	  mission,	  and	  then	  make	  specific	  tradeoffs	  that	  will	  allow	  the	  rover	  to	  best	  meet	  requirement	  needs.	  Astrobotic	  Technology,	  a	  company	  currently	  competing	  for	  the	  Google	  Lunar	  X	  Prize	  (see	  2.3	  Astrobotic	  Technology	  ),	  has	  identified	  a	  specific	  task,	  which	  would	  be	  best	  accomplished	  by	  a	  micro-­‐rover	  that	  is	  capable	  of	  acting	  in	  conjunction	  with	  their	  primary	  rover.	  The	  purpose	  of	  this	  micro-­‐rover	  would	  be	  to	  explore	  the	  surrounding	  lunar	  environment	  ahead	  or	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in	  the	  proximity	  of	  the	  primary	  rover,	  giving	  the	  primary	  rover	  clearer	  and	  more	  accurate	  knowledge	  of	  its	  environment.	  The	  secondary	  goal	  of	  this	  micro-­‐rover	  would	  be	  to	  accurately	  inspect	  the	  primary	  rover	  from	  various	  angles,	  providing	  the	  user	  with	  a	  secondary	  view	  of	  issues	  that	  may	  occur	  on	  the	  primary	  rover,	  or	  assist	  the	  rover	  in	  complex	  maneuvers	  or	  tasks.	  	  The	  goal	  of	  the	  Inspection	  and	  Reconnaissance	  Micro-­‐Rover	  for	  Use	  in	  Extraterrestrial	  Environments	  project	  is	  to	  design	  a	  micro-­‐rover	  prototype	  capable	  of	  meeting	  the	  above-­‐mentioned	  tasks	  while	  adhering	  to	  some	  restrictions.	  The	  Micro-­‐rover	  is	  intended	  to	  be	  a	  proof	  of	  concept	  to	  determine	  if	  a	  platform	  can	  be	  built	  to	  meet	  these	  restrictions,	  and	  then	  tested	  to	  verify	  the	  design.	  In	  addition	  to	  these	  design	  capabilities,	  the	  rover	  must	  be	  deployable	  from	  both	  the	  Astrobotic	  Lunar	  Lander	  and	  the	  ORYX	  2.0	  Mobility	  Platform	  (see	  2.5	  ORYX/ORYX	  2.0).	  	  The	  Micro-­‐rover	  prototype	  will	  complete	  a	  technology	  demonstration,	  including	  simulating	  deployment	  from	  Astrobotic’s	  Lunar	  Lander	  and	  driving	  in	  rough	  terrains,	  as	  well	  as	  scouting	  ahead	  of	  the	  ORYX	  2.0	  Rover	  and	  providing	  an	  additional	  camera	  angle	  for	  acquiring	  samples.	  For	  our	  Micro-­‐rover	  to	  be	  a	  functional	  aid,	  our	  design	  will	  focus	  on	  the	  following	  broad	  project	  goals	  and	  rover	  capabilities:	  	  	  1. Be	  remotely	  operated.	  2. Traverse	  rough	  outdoor	  surface	  on	  Earth.	  3. Fit	  within	  volume	  and	  weight	  restrictions	  4. Communicate	  with	  primary	  rover	  utilizing	  WIFI	  provided	  by	  ORYX	  2.0	  and	  Astrobotic	  lunar	  lander.	  5. Scout	  and	  look	  for	  points	  of	  interest	  such	  as	  rock	  samples	  with	  use	  of	  an	  HD	  color	  camera.	  6. Inspect	  ORYX	  2.0	  and	  Astrobotic	  lunar	  lander	  whenever	  a	  malfunction	  occurs,	  or	  assist	  in	  complex	  tasks	  and	  maneuvers.	  	   In	  section	  two	  we	  will	  supply	  a	  background	  of	  previous	  work	  done	  in	  space	  exploration	  and	  micro-­‐rover	  systems,	  as	  well	  as	  a	  more	  detailed	  analysis	  of	  our	  rover’s	  design	  goals	  and	  specifications.	  Section	  4	  will	  provide	  a	  detailed	  description	  of	  the	  rovers	  design	  process,	  followed	  by	  verification	  and	  testing	  to	  show	  this	  design	  conforms	  to	  defined	  specifications.	  These	  results	  are	  then	  analyzed	  and	  discussed,	  and	  social	  implications	  of	  the	  project	  are	  described.	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2.0	  BACKGROUND	  	   This	  chapter	  discusses	  current	  state-­‐of-­‐the-­‐art	  micro-­‐rover	  technologies	  being	  researched	  as	  well	  as	  in	  development.	  We	  will	  also	  cover	  competitions	  involving	  micro-­‐rovers	  in	  robotic	  space	  exploration,	  and	  talk	  about	  Astrobotic	  Technology	  as	  an	  organization	  and	  their	  role	  in	  the	  Google	  Lunar	  X	  Prize.	  In	  addition	  we	  discuss	  the	  ORYX	  systems	  and	  their	  role	  in	  the	  Robo-­‐Ops	  competition.	  2.1	  EXISTING	  MICRO-­‐ROVER	  PROJECTS	  AND	  COMPETITIONS	  	   The	  development	  of	  a	  micro-­‐rovers	  is	  an	  important	  aspect	  in	  space	  exploration.	  There	  have	  been	  many	  micro-­‐rovers	  made	  for	  many	  different	  fields	  including	  education,	  research,	  commercial	  use,	  defense,	  HAZMAT	  (hazardous	  material),	  and	  space	  exploration	  (The	  Planetary	  Society	  n.d.).	  In	  this	  next	  section	  we	  will	  look	  at	  some	  of	  the	  past	  micro-­‐rovers	  that	  were	  developed	  with	  the	  express	  purpose	  of	  both	  Lunar	  and	  Mars	  exploration.	  	  
2.1.1	  NASA’S	  AXEL	  	   One	  of	  NASA’s	  micro-­‐rovers,	  Axel,	  is	  a	  two-­‐wheeled	  rover	  designed	  for	  extraterrestrial	  exploration	  (see	  Figure	  1.)	  Primarily	  created	  for	  lunar	  exploration,	  (though	  adaptable	  for	  other	  environments)	  Axel,	  is	  a	  prime	  example	  of	  a	  how	  two	  wheeled	  rovers	  can	  traverse	  rugged	  terrain.	  Its	  purpose	  is	  to	  be	  an	  accessory	  robot	  to	  current	  rovers	  such	  as	  Opportunity	  or	  Curiosity	  (both	  used	  on	  Mars)	  (Christensen	  2009).	  An	  accessory	  robot	  would	  imply	  that	  this	  micro-­‐rover	  is	  not	  intended	  to	  be	  used	  on	  its	  own	  or	  even	  often,	  but	  rather	  used	  as	  a	  tool	  for	  surveillance	  and	  exploration,	  only	  deployed	  when	  the	  main	  rover	  cannot	  complete	  the	  task.	  When	  a	  rover	  reaches	  a	  crater	  it	  cannot	  explore,	  Axel	  is	  deployed	  into	  the	  crater	  by	  a	  tether.	  Axel	  is	  able	  to	  explore	  the	  crater	  using	  a	  gyroscopic	  camera	  and	  collect	  samples.	  When	  its	  exploration	  goals	  are	  completed	  it	  is	  wound	  back	  up	  and	  is	  stored	  for	  later	  use.	  Although	  this	  micro-­‐rover	  is	  just	  a	  prototype	  it	  gives	  a	  prime	  example	  of	  how	  a	  two-­‐wheel	  micro-­‐rover	  can	  be	  used	  to	  explore	  areas	  a	  larger	  rover	  cannot	  reach.	  	  	   The	  marvel	  of	  Axel	  is	  not	  its	  technology	  but	  its	  simplicity	  (Christensen	  2009).	  With	  the	  tether	  being	  wrapped	  around	  the	  robot	  itself,	  it	  acts	  as	  its	  own	  crane.	  It	  has	  the	  capability	  to	  change	  its	  wheels	  for	  different	  terrains	  and	  is	  simple	  enough	  in	  design	  that	  does	  not	  pose	  much	  of	  an	  engineering	  problem.	  	  	  
Figure	  1:	  NASA's	  Axel	  Micro-­‐Rover	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2.1.2	  NANOKHOD	  MICRO-­‐ROVER	  	   The	  Nanokhod	  Micro-­‐rover	  is	  designed	  to	  accommodate	  a	  multitude	  of	  scientific	  sensor	  instruments	  for	  space	  exploration	  (see	  Figure	  2).	  Funded	  by	  the	  European	  Space	  Agency,	  (ESA)	  it	  is	  a	  small	  two-­‐tracked	  rover	  capable	  of	  moving	  and	  contorting	  the	  main	  body	  to	  many	  different	  angles.	  This	  is	  useful	  for	  getting	  different	  camera	  angles	  for	  inspection	  of	  any	  target	  or	  specimen,	  such	  as	  from	  a	  perpendicular	  view	  to	  be	  able	  to	  gain	  depth	  perception	  (Nanokhod	  2006).	  Nanokhod’s	  chassis	  is	  incorporates	  a	  folding	  mechanism	  for	  compact	  transportation.	  Nanokhod	  uses	  a	  two	  bar	  linkage	  to	  raise	  the	  chassis	  above	  the	  tracks	  allowing	  for	  better	  visibility	  of	  the	  camera	  as	  well	  as	  better	  ground	  clearance	  from	  the	  tracks	  to	  the	  under	  carriage	  of	  the	  body	  of	  the	  rover.	  	  
2.1.3	  ROCKY	  7	  	   The	  Rocky	  7	  Rover	  was	  designed	  by	  NASA’s	  Jet	  Propulsion	  Laboratory	  (JPL)	  as	  a	  Mars	  rover	  capable	  of	  taking	  pictures	  of	  both	  longer	  range	  and	  up	  close	  pictures	  of	  rock	  and	  soil	  specimens.	  This	  6-­‐wheel	  rover,	  shown	  in	  Figure	  3,	  has	  navigational	  cameras	  as	  well	  as	  a	  ‘can,’	  located	  at	  the	  top	  of	  the	  mast,	  capable	  of	  being	  switched	  for	  multiple	  purposes	  such	  as	  HD	  camera,	  long-­‐range	  camera,	  as	  well	  as	  different	  sniffers	  for	  material.	  However	  the	  unique	  part	  of	  this	  rover	  is	  the	  ‘mast’,	  which	  is	  a	  tower	  like	  structure	  that	  can	  be	  raised	  and	  lowered	  to	  inspect	  different	  levels	  of	  the	  planet.	  The	  mast	  can	  be	  oriented	  anywhere	  from	  above	  the	  rover	  to	  just	  above	  the	  surface	  of	  the	  planet,	  thus	  allowing	  for	  close	  up	  pictures	  of	  specimens.	  The	  mast	  is	  folded	  in	  a	  few	  sections	  that	  can	  also	  be	  folded	  tight	  for	  storage	  and	  transportation	  (Rocky	  7	  Description	  n.d.).	  	  	  	  
Figure	  3:	  Rocky	  7	  Taking	  Pictures	  of	  Rock	  Specimen	  
Figure	  2:	  Nanokhod	  Micro-­‐Rover	  in	  Mars	  Soil	  Simulant	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2.1.4	  ROBOMAGELLAN	  Micro-­‐rovers	  are	  part	  of	  a	  developing	  technology	  field	  that	  is	  still	  relatively	  new.	  Because	  of	  this	  there	  are	  few	  guidelines	  to	  define	  what	  a	  micro-­‐rover	  is,	  and	  few	  examples	  of	  existing	  micro-­‐rovers	  to	  compare	  our	  designs	  to.	  Brown	  University’s	  School	  of	  Engineering	  “MicroRover”	  workshop	  defines	  a	  micro-­‐rover	  as	  a	  “vehicle	  no	  greater	  then	  10kg	  in	  mass,	  “	  (Brown	  University	  n.d.).	  Many	  micro-­‐rovers	  are	  made	  by	  students	  or	  universities,	  and	  have	  not	  been	  used	  in	  any	  extraterrestrial	  missions.	  Like	  the	  Robo-­‐Ops	  competition	  (see	  2.4	  NASA	  ROBO-­‐OPS)	  there	  are	  many	  other	  space	  rover	  competitions	  in	  existence.	  One	  of	  which	  that	  has	  produced	  a	  micro-­‐rovers	  is	  the	  RoboMagellan	  competitions	  created	  by	  the	  Seattle	  Robotics	  (Larson	  n.d.).	  Competitions	  are	  composed	  of	  many	  different	  competitions	  including	  line	  following,	  line	  maze,	  mini	  sumo,	  and	  maze	  navigation	  with	  obstacle	  avoidance,	  (also	  called	  the	  SRS	  RoboMagellan	  competition)	  and	  include	  entries	  like	  the	  one	  pictured	  in	  Figure	  4	  (Robothon	  n.d.).	  This	  competition	  does	  not	  correspond	  to	  space	  or	  lunar	  exploration	  but	  showcases	  some	  of	  the	  new	  technologies	  of	  micro-­‐rovers.	  	  
2.1.5	  GOOGLE	  LUNAR	  X	  PRIZE	  	   The	  Google	  X	  Prize	  is	  also	  a	  new	  incentive	  for	  the	  development	  of	  cost	  effective	  technologies	  for	  space	  exploration,	  requiring	  extraterrestrial	  rovers	  to	  be	  constructed	  by	  competing	  non-­‐government	  organizations	  in	  a	  high-­‐risk	  environment.	  The	  Google	  Lunar	  X	  PRIZE	  is	  a	  $30	  million	  competition	  sponsored	  by	  Google	  and	  the	  X	  PRIZE	  foundation.	  The	  competition	  aims	  to	  launch	  a	  new	  era	  of	  sustainable	  lunar	  exploration	  by	  providing	  a	  grand	  prize	  of	  $20	  million	  to	  the	  first	  privately	  funded	  team	  that	  lands	  a	  robot	  on	  the	  Moon,	  has	  it	  traverse	  500m	  of	  the	  lunar	  surface,	  and	  transmit	  HD	  video	  and	  other	  data	  back	  to	  Earth.	  In	  addition	  there	  is	  a	  second	  place	  prize	  for	  the	  second	  team	  to	  achieve	  those	  goals,	  and	  bonus	  prizes	  for	  completing	  other	  objectives.	  There	  are	  currently	  25	  teams,	  including	  Astrobotic,	  competing.	  (Google	  Lunar	  Xprize	  n.d.)	  Many	  innovations	  for	  lunar	  rovers	  and	  micro-­‐rovers	  are	  coming	  as	  a	  result	  of	  Google’s	  $30,000,000	  competition.	  Team	  Angelicum	  of	  Chile	  has	  created	  a	  rover,	  named	  Dandelion	  (see	  Figure	  5)	  that	  has	  a	  unique	  set	  of	  wheels.	  These	  wheels	  allow	  the	  rover	  to	  miss	  rocks	  instead	  of	  having	  to	  go	  around	  or	  climb	  over	  them;	  the	  rover	  just	  passes	  through	  them.	  	  	  
Figure	  5:	  Dandelion	  Rover	  
Figure	  4:	  Seattle	  Robotics	  Micro-­‐rover	  entry	  to	  RoboMagellan	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2.2	  NASA	  LUNAR	  MICRO-­‐ROVER	  PROJECT	  Because	  of	  high	  cost	  of	  traditionally	  large	  rovers,	  $2.47	  billion	  to	  build	  NASA’s	  Curiosity	  (Brain	  and	  Kershner	  n.d.),	  NASA	  recently	  started	  a	  Lunar	  Micro-­‐Rover	  Project	  to	  research	  cost	  and	  weight	  efficient	  micro-­‐rovers	  that	  can	  be	  easily	  set	  up,	  fixed	  and	  reconfigured	  for	  different	  interstellar	  missions.	  The	  NASA	  Lunar	  Micro-­‐rover	  (see	  Figure	  6)	  is	  equipped	  with	  many	  electronic	  devices	  including:	  a	  high	  definition	  camera,	  lithium	  battery	  packs,	  a	  communication	  system	  based	  on	  UHF	  (ultra-­‐high	  frequency)	  frequency,	  an	  inertial	  measurement	  unit	  and	  a	  two	  wheel	  direct	  drive	  system.	  The	  high	  definition	  camera,	  which	  streams	  video	  back	  to	  lander,	  is	  the	  major	  tool	  to	  explore	  the	  lunar	  surface.	  As	  one	  lander	  is	  able	  to	  load	  several	  micro-­‐rovers,	  the	  total	  field	  of	  vision	  of	  these	  micro-­‐rovers	  is	  much	  larger	  than	  that	  of	  one	  traditionally	  large	  rover.	  A	  lithium	  battery,	  which	  has	  higher	  charge	  density	  (longer	  life)	  than	  other	  batteries,	  expands	  the	  mission	  time	  of	  the	  Lunar	  Micro-­‐Rover.	  Since	  the	  Lunar	  Micro-­‐Rover	  is	  limited	  by	  size,	  the	  communication	  antenna	  whose	  length	  is	  related	  to	  the	  size	  of	  the	  radio	  wave	  should	  be	  small	  enough	  to	  meet	  the	  requirement.	  On	  earth,	  UHF	  antenna	  is	  stubby	  and	  short.	  But	  atmospheric	  absorption	  reduces	  the	  strength	  of	  radio	  signal	  and	  effects	  of	  attenuation	  degradation	  increases	  with	  frequency.	  So,	  there	  is	  a	  tradeoff	  between	  the	  size	  of	  antenna	  and	  reception	  quality.	  On	  the	  moon,	  there	  is	  much	  less	  dense	  atmosphere	  than	  that	  of	  earth	  so	  that	  UHF	  signal	  can	  propagate	  with	  much	  less	  atmospheric	  absorption.	  	  Therefore,	  the	  UHF	  based	  communication	  system	  is	  used	  in	  Lunar	  Micro-­‐Rover	  to	  maintain	  contact	  with	  lunar	  lander.	  An	  inertial	  measurement	  unit	  mounted	  on	  the	  Lunar	  Micro-­‐Rover	  is	  used	  for	  advanced	  navigation.	  It	  consists	  of	  accelerometers	  and	  gyroscopes,	  which	  are	  used	  to	  measures	  and	  report	  on	  the	  Lunar	  Micro-­‐Rover’s	  velocity,	  orientation,	  and	  gravitational	  forces.	  The	  system	  also	  utilizes	  a	  dead	  reckoning	  method	  to	  track	  the	  micro-­‐rover’s	  position.	  Two-­‐tread	  direct	  drive	  system	  brings	  two	  advantages	  to	  the	  Lunar	  Micro-­‐Rover.	  First,	  two-­‐wheel	  drive	  enables	  the	  micro-­‐rover	  to	  turn	  easily.	  Second,	  a	  direct	  drive	  system	  increases	  the	  power	  efficiency	  due	  to	  no	  energy	  wasted	  in	  friction	  of	  gearboxes.	  The	  NASA	  Lunar	  Micro-­‐rover	  needs	  to	  achieve	  two	  crucial	  goals:	  the	  production	  cost	  should	  not	  surpass	  $500,000	  and	  the	  weight	  should	  not	  exceed	  10kg.	  These	  two	  goals,	  or	  limitations,	  bring	  many	  challenges	  to	  micro-­‐rover	  design.	  First,	  low	  production	  cost	  prevents	  the	  use	  of	  radiation-­‐hardened	  technology.	  So	  development	  of	  affordable	  alternatives	  is	  needed	  to	  protect	  the	  electronic	  device	  mounted	  on	  a	  micro-­‐rover	  from	  radiation	  damage.	  Second,	  a	  new	  low	  cost	  design	  of	  the	  S-­‐Band	  communication	  system	  is	  required	  to	  meet	  the	  high	  quality	  communication	  requirements.	  
Figure	  6:	  NASA	  Lunar	  Micro-­‐rover	  Prototype	  8	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Third,	  a	  solution	  should	  emulate	  a	  real-­‐time	  operation	  for	  better	  reliable	  control.	  Last	  but	  not	  least,	  mass	  limitation	  forces	  engineers	  to	  create	  a	  new	  approach	  to	  keep	  all	  parts	  of	  the	  micro-­‐rover	  within	  acceptable	  temperature	  ranges	  because	  traditionally	  the	  thermal	  control	  system	  is	  too	  massive	  for	  the	  Lunar	  Micro-­‐Rover	  (NASA	  n.d.).	  2.3	  ASTROBOTIC	  TECHNOLOGY	  	  “Astrobotic	  Technology	  Inc.	  is	  a	  Pittsburgh	  based	  company	  that	  delivers	  affordable	  space	  robotics	  technology	  and	  planetary	  missions.	  Amidst	  the	  burgeoning	  commercial	  space	  industry,	  Astrobotic	  is	  pioneering	  affordable	  planetary	  access	  that	  promises	  to	  spark	  a	  new	  era	  of	  exploration,	  science,	  tourism,	  resource	  utilization	  and	  mining.	  Astrobotic	  was	  spun	  out	  of	  Carnegie	  Mellon	  University’s	  Robotics	  Institute	  in	  2008	  and	  operates	  under	  a	  Sponsored	  Research	  Agreement	  that	  exclusively	  licenses	  space	  robotics	  technology	  to	  the	  company.”	  (Astrobotic	  2012)	  	  Astrobotic	  is	  currently	  developing	  their	  inaugural	  expedition,	  ‘Icebreaker’,	  to	  prospect	  for	  methane,	  ammonia,	  and	  water	  at	  the	  Moon’s	  North	  Pole	  in	  hopes	  to	  claim	  Google’s	  Lunar	  X-­‐Prize	  (see	  2.1.5	  Google	  Lunar	  X).	  Carnegie	  Mellon	  is	  collaborating	  with	  Astrobotic	  Technology	  to	  land	  this	  privately	  funded	  space	  mission	  on	  the	  lunar	  surface.	  	  Icebreaker	  is	  to	  be	  launched	  In	  October	  of	  2015	  on	  board	  a	  SpaceX	  Falcon	  9	  rocket.	  By	  launching	  on	  a	  Falcon	  9	  and	  using	  qualified	  commercial	  components,	  the	  Astrobotic	  team	  offers	  low-­‐cost	  access	  to	  the	  lunar	  surface.	  Creators	  of	  a	  50-­‐kg	  instrument	  package	  would	  pay	  Astrobotic	  only	  $100	  million	  for	  delivery	  to	  the	  Moon’s	  surface,	  as	  opposed	  to	  the	  $200-­‐$300	  million	  it	  takes	  for	  a	  typical	  federal	  mission	  to	  deliver	  the	  same	  package	  into	  orbit	  around	  a	  planetary	  body.	  Icebreaker	  will	  deliver	  a	  robotic	  rover,	  Polaris,	  on	  board	  Astrobotic’s	  lunar	  lander,	  Griffin	  (Astrobotic	  2012).	  
2.3.1	  GRIFFIN	  LANDER	  Astrobotic’s	  lunar	  lander,	  Griffin(pictured	  in	  Figure	  7),	  is	  designed	  to	  deliver	  260	  Kg	  of	  rovers	  and	  other	  payloads	  to	  the	  Moon’s	  surface	  through	  autonomous	  precision	  landing.	  The	  trip	  to	  the	  Moon	  from	  Cape	  Canaveral	  will	  take	  five	  days.	  The	  lander’s	  computer	  and	  navigational	  system	  will	   Figure	  7:	  Griffin	  -­‐	  Astrobotic's	  Lunar	  Lander	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guide	  the	  spacecraft	  into	  lunar	  orbit	  and	  control	  descent	  to	  the	  surface.	  Using	  its	  sensors,	  cameras	  and	  advanced	  navigation	  software,	  Griffin	  will	  land	  within	  100m	  of	  its	  target	  coordinates.	  It	  will	  use	  a	  combination	  of	  cameras	  and	  laser	  sensor	  generated	  3D	  maps	  to	  detect	  and	  avoid	  slopes,	  rocks,	  and	  other	  landing	  hazards.	  Lunar	  payloads	  can	  be	  mounted	  to	  the	  underside	  of	  Griffin’s	  deck	  plate.	  Additional	  information	  can	  be	  found	  in	  Astrobotic’s	  Lander	  and	  Rover	  Payloads	  User’s	  Guide	  (Astrobotic	  2011).	  	  
2.3.2	  POLARIS	  ROVER	  Polaris,	  picture	  in	  Figure	  8,	  will	  carry	  a	  lunar	  drill,	  oven	  and	  other	  instruments	  designed	  to	  analyze	  volatiles.	  Polaris	  is	  to	  travel	  tens	  of	  kilometers	  per	  lunar	  day	  while	  broadcasting	  hi-­‐res	  imagery.	  Polaris	  has	  vertical	  solar	  cells	  to	  gather	  sunlight	  that	  impinges	  horizontally	  at	  the	  lunar	  poles.	  This	  generates	  250	  watts	  of	  electrical	  power	  and	  charges	  a	  1,000w/hr	  battery	  pack	  for	  occasional	  drilling	  in	  the	  dark	  and	  for	  sprinting	  through	  shadow.	  	  Oblique	  radiators	  dump	  excess	  heat	  into	  space	  to	  control	  the	  temperature	  of	  internal	  components.	  	  Thermally	  active	  components,	  like	  transceivers	  and	  computers,	  are	  mounted	  directly	  against	  the	  inside	  surface	  of	  the	  radiator.	  Direction	  is	  controlled	  by	  skid	  steering,	  making	  one	  side’s	  wheels	  turn	  faster	  than	  the	  other	  side.	  Because	  the	  wheels	  have	  very	  few	  sensitive	  parts,	  they	  can	  endure	  the	  Moon’s	  heat	  and	  dust.	  	  The	  rover	  will	  explore	  for	  the	  next	  ten	  days	  until	  night	  falls.	  The	  rover	  will	  then	  hibernate,	  recover,	  and	  continue	  to	  explore.	  	  The	  lander	  and	  robot	  are	  built	  to	  tolerate	  cryogenic	  cold	  that	  occurs	  over	  the,	  fourteen	  Earth	  day,	  lunar	  night.	  	  Already,	  Lithium	  Iron	  Phosphate	  batteries	  without	  water	  electrolyte	  have	  successfully	  come	  back	  to	  life	  after	  freezing	  at	  liquid	  nitrogen	  temperatures.	  Destinations	  for	  later	  missions	  include	  skylight	  holes	  (holes	  created	  by	  meteoric	  impact	  on	  the	  surface	  directly	  above	  caverns)	  leading	  to	  caves	  beneath	  the	  lunar	  surface	  and	  prospecting	  to	  characterize	  and	  exploit	  other	  resources.	  (Astrobotic	  2012)	  	  	  
Figure	  8:	  Polaris	  -­‐	  Astrobotic's	  Lunar	  Rover	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2.4	  NASA	  ROBO-­‐OPS	  The	  NASA	  ROBO-­‐OPS	  competition	  is	  an	  annual	  engineering	  competition	  sponsored	  by	  NASA	  and	  organized	  by	  the	  National	  Institute	  of	  Aerospace.	  The	  purpose	  of	  this	  competition	  is	  for	  students	  to	  construct	  innovative	  planetary	  rover	  prototypes,	  enhancing	  the	  participants	  experience	  in	  engineering	  design	  and	  development	  as	  well	  as	  providing	  NASA	  with	  new	  ideas	  and	  concepts	  for	  real	  world	  aerospace	  applications.	  The	  ROBO-­‐Ops	  competition	  accepts	  graduate	  and	  undergraduate	  applicants	  from	  US	  public	  and	  private	  universities	  to	  take	  part	  in	  the	  competition.	  Each	  university	  accepted	  into	  the	  competition	  has	  the	  opportunity	  to	  construct	  a	  planetary	  rover	  partially	  funded	  by	  grant	  money	  provided	  by	  NASA,	  as	  well	  as	  by	  independent	  third	  party	  sponsors	  and	  corporations.	  After	  the	  completion	  of	  the	  university	  rovers,	  each	  university	  team	  is	  invited	  to	  attend	  the	  testing	  forum	  at	  the	  Jonson	  Space	  Center	  (JSC)	  in	  Huston,	  TX.	  The	  testing	  at	  JSC	  involves	  a	  sample	  and	  retrieve	  challenge	  on	  NASA’s	  “Rock	  Yard”(pictured	  in	  Figure	  9),	  where	  the	  facilities	  exist	  to	  conduct	  analog	  testing	  or	  rovers	  in	  mock	  lunar	  and	  Martian	  landscapes.	  The	  analog	  testing	  of	  the	  rovers	  at	  the	  rock	  yard	  involves	  a	  1-­‐hour	  task	  in	  which	  the	  rover	  must	  find	  and	  retrieve	  up	  to	  30	  colored	  rocks	  in	  the	  test	  area.	  This	  involves	  identifying	  the	  color	  of	  the	  rocks,	  as	  well	  as	  being	  capable	  of	  acquiring	  and	  storing	  the	  rocks.	  At	  the	  end	  of	  the	  time	  period,	  extra	  points	  are	  awarded	  to	  any	  rover	  able	  to	  return	  its	  payload	  to	  the	  starting	  location.	  Each	  team	  entered	  in	  the	  ROBO-­‐OPS	  competition	  is	  scored	  at	  the	  end	  of	  the	  forum	  based	  on	  their	  performance	  in	  analog	  testing,	  as	  well	  as	  their	  papers,	  poster	  presentations	  and	  public	  outreach	  activities.	  2.5	  ORYX/ORYX	  2.0	  The	  ORYX	  Rover,	  pictured	  in	  Figure	  10,	  and	  the	  ORYX	  2.0	  Mobility	  Platform,	  pictured	  in	  Figure	  11,	  were	  the	  first	  two	  WPI	  entries	  to	  the	  NASA	  Robo-­‐Ops	  competition.	  WPI	  students	  built	  both	  ORYX	  and	  ORYX	  2.0	  with	  funding	  from	  NASA	  and	  external	  sponsors.	  The	  2011	  ORYX	  Rover	  was	  completed	  as	  an	  extracurricular	  project	  specifically	  for	  the	  application	  of	  the	  Robo-­‐Ops	  competition,	  and	  was	  the	  winning	  entry	  in	  the	  2011	  Robo-­‐Ops	  forum.	  	  
Figure	  9:	  NASA	  ROBO-­‐OPS	  2011	  Entries	  
Figure	  10	  :ORYX	  Rover	  Picking	  Up	  Rock	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The	  2012	  WPI	  Robo-­‐Ops	  student	  team	  developed	  ORYX	  2.0	  Mobility	  Platform.	  This	  system	  was	  developed	  in	  part	  for	  the	  2012	  Robo-­‐Ops	  competition,	  but	  also	  as	  a	  “research	  platform	  suitable	  for	  testing	  planetary	  surface	  exploration	  technologies	  in	  harsh	  earth	  environment	  (ORYX	  2.0:	  A	  Planetary	  Exploration	  Mobility	  Platform	  2011).	  The	  ORYX	  2.0	  rover	  provides	  a	  modular	  option	  for	  academic	  research	  projects,	  capable	  of	  easily	  integrating	  equipment	  for	  testing	  in	  earth	  conditions.	  The	  ORYX	  2.0	  system	  is	  equipped	  with	  standard	  mechanical	  and	  electrical	  interfaces,	  and	  uses	  ROS	  (Robot	  Operating	  System)	  as	  the	  software	  architecture.	  These	  factors	  make	  it	  possible	  for	  other	  research	  projects	  to	  integrate	  easily	  into	  the	  mobility	  platform.	  The	  ORYX	  2.0	  Mobility	  Platform	  itself	  is	  designed	  with	  the	  intent	  of	  navigating	  uneven	  landscapes	  while	  carrying	  its	  research	  payload.	  The	  Platform	  implements	  a	  passive	  kinematic	  averaging	  suspension,	  designed	  to	  transvers	  obstacles	  up	  to	  15.5	  cm	  in	  height.	  The	  Platform	  is	  also	  capable	  of	  operating	  in	  harsh	  earth	  conditions	  because	  of	  its	  shielded	  electronics,	  which	  protects	  the	  electronics	  from	  the	  Earth’s	  elements	  such	  as	  dust,	  debris,	  and	  light	  rain.	  ORYX	  2.0	  demonstrated	  the	  success	  of	  these	  systems	  by	  wining	  the	  2012	  Robo-­‐Ops	  competition.	  	  2.6	  SHORTCOMINGS	  OF	  SINGLE	  ROVER	  SYSTEMS	  Single	  rover	  systems	  consisting	  of	  a	  primary	  rover	  with	  all	  required	  onboard	  equipment	  accomplishing	  specified	  objectives	  is	  the	  typical	  mission	  outline	  used	  in	  modern	  extraterrestrial	  missions.	  This	  fixed	  point	  of	  view	  often	  yields	  little	  situational	  awareness,	  resulting	  in	  diminished	  efficiency	  while	  accomplishing	  mission	  goals.	  WPI’s	  entry	  to	  the	  2012	  Robo-­‐Ops	  competition	  (see	  2.4	  NASA	  ROBO-­‐OPS)	  provides	  us	  with	  an	  example	  of	  the	  limitations	  of	  even	  the	  most	  complex	  single	  rover	  systems,	  and	  is	  described	  in	  this	  section.	  The	  data	  in	  section	  2.6.1	  Sample	  Acquisition	  and	  2.6.2	  Navigational	  Challenge	  is	  gathered	  from	  documentation	  of	  ORYX	  2.0	  on	  the	  Johnson	  Space	  Center’s	  Rock	  Yard.	  
2.6.1	  SAMPLE	  ACQUISITION	  During	  testing	  of	  ORYX	  2.0	  at	  JSC,	  the	  rover	  was	  shown	  to	  be	  capable	  of	  retrieving	  samples,	  but	  limited	  by	  speed	  of	  acquisition.	  For	  each	  sample,	  the	  rover	  averaged	  approximately	  4	  min	  to	  retrieve	  a	  sample	  after	  its	  identification,	  as	  seen	  in	  competition	  footage	  (WPI	  Team	  ORYX	  2012).	  This	  large	  elapsed	  time	  was	  due,	  in	  part,	  to	  a	  lack	  of	  situational	  awareness	  on	  the	  part	  of	  the	  drive	  team.	  While	  the	  arm	  operator	  and	  driver	  were	  capable	  of	  
Figure	  11:ORYX	  2.0	  Mobility	  Platform	  at	  JSC	  
Figure	  12:	  Primary	  Arm	  Camera	  Angle	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switching	  between	  cameras	  located	  on	  the	  rover,	  all	  cameras	  used	  during	  this	  operation	  were	  facing	  outwards	  towards	  the	  arm,	  providing	  only	  a	  two	  dimensional	  level	  of	  situational	  awareness.	  For	  example,	  in	  Figure	  12,	  the	  rover	  scoop	  appears	  to	  be	  directly	  over	  the	  rock,	  however	  when	  the	  arm	  is	  lowered,	  it	  becomes	  clear	  that	  the	  rover	  arm	  is	  actually	  approximately	  4in	  short	  of	  the	  sample.	  With	  the	  use	  of	  the	  WPI	  Micro-­‐rover	  we	  can	  provide	  an	  additional	  viewpoint	  of	  the	  sample	  collection	  process.	  By	  providing	  an	  image	  parallel	  to	  the	  ORYX	  2.0	  viewpoint	  we	  can	  simulate	  depth	  perception	  for	  the	  primary	  rover.	  	  
2.6.2	  NAVIGATIONAL	  CHALLENGE	  	   The	  ORYX	  2.0	  rover	  was	  presented	  with	  two	  navigational	  challenges:	  a	  rock	  field	  and	  a	  steep	  sandy	  slope.	  Both	  of	  these	  situations	  present	  difficulties	  when	  operated	  by	  a	  single	  driver	  with	  a	  single	  perspective	  on	  the	  rovers	  surrounding	  area.	  	  When	  the	  rover	  encountered	  the	  hill,	  for	  example,	  the	  rover	  encountered	  difficulties	  in	  situational	  awareness	  in	  which	  the	  operator	  had	  difficulty	  planning	  a	  path	  and	  visualizing	  contours.	  Figure	  13:	  Robot	  Path	  shows	  the	  rover’s	  actual	  path	  (red),	  vs.	  the	  path	  required	  to	  climb	  the	  hill	  (green),	  chosen	  only	  after	  other	  paths	  were	  tried	  unsuccessfully.	  The	  red	  line	  was	  created	  by	  pausing	  the	  video	  of	  ORYX	  2.0	  climbing	  a	  hill,	  and	  tracing	  the	  path	  it	  had	  left	  frame	  by	  frame.	  The	  green	  line	  seen	  in	  Figure	  13	  gives	  a	  visual	  representation	  of	  the	  path	  ORYX	  2.0’s	  operator	  intended	  to	  take.	  	  	  	   	  
Figure	  13:	  Robot	  Path	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3.0	  PROBLEM	  DESCRIPTION	  The	  purpose	  of	  the	  WPI	  Micro-­‐Rover	  project	  is	  to	  design	  and	  build	  a	  prototype	  micro-­‐rover	  that	  will	  be	  deployable	  from	  both	  the	  Astrobotic	  Lunar	  Lander	  and	  the	  ORYX	  2.0	  Mobility	  Platform.	  The	  Micro-­‐rover	  is	  intended	  to	  be	  a	  proof	  of	  concept	  to	  determine	  if	  a	  platform	  can	  be	  built	  to	  meet	  volume	  and	  weight	  restrictions	  (specified	  in	  this	  section),	  and	  have	  the	  capability	  of	  traversing	  a	  lunar	  landscape.	  The	  Micro-­‐rover	  will	  be	  used	  as	  a	  scouting	  and	  support	  rover	  for	  a	  primary	  rover.	  3.1	  ROLE	  AS	  A	  SCOUTING	  AND	  SUPPORT	  ROVER	  	   The	  primary	  purpose	  of	  the	  Micro-­‐rover	  is	  to	  aid	  a	  primary	  rover	  in	  accomplishing	  mission	  objectives.	  In	  modern	  space	  missions,	  a	  large	  rover	  (such	  as	  NASA’s	  Mars	  Rover	  Curiosity)	  is	  deployed	  containing	  all	  critical	  equipment	  onboard	  to	  accomplish	  a	  specified	  mission.	  Using	  this	  equipment	  to	  acquire	  and	  analyze	  samples,	  as	  well	  as	  navigating	  complex	  terrain,	  is	  often	  slow.	  	  	   To	  aid	  in	  this,	  the	  Micro-­‐rover	  plans	  to	  fill	  a	  support	  role	  as	  a	  mobile	  camera	  platform.	  This	  will	  provide	  additional	  video	  and	  depth	  feedback,	  increasing	  the	  situational	  awareness	  of	  the	  user	  during	  complex	  rover	  operations.	  An	  example	  of	  this	  is	  if	  a	  rover	  is	  acquiring	  a	  sample	  with	  an	  arm,	  it	  may	  spend	  large	  amounts	  of	  time	  and	  power	  orienting	  the	  collection	  tool	  over	  the	  sample	  (due	  to	  difficulties	  in	  depth	  perception	  assuming	  feedback	  from	  a	  single	  camera),	  then	  require	  verification	  that	  the	  arm	  completes	  its	  motion	  back	  to	  the	  collection	  bin	  and	  that	  the	  sample	  is	  secure	  on	  the	  rover.	  The	  Micro-­‐rover	  could	  be	  operated	  at	  variable	  distances	  around	  the	  primary	  rover	  to	  provide	  the	  best	  viewing	  angle	  for	  any	  specific	  task.	  	   The	  secondary	  purpose	  of	  the	  Micro-­‐rover	  is	  to	  perform	  scouting	  operations.	  As	  the	  primary	  rover	  is	  occupied	  in	  travel	  or	  other	  non-­‐intensive	  tasks,	  the	  Micro-­‐rover	  can	  scout	  in	  search	  of	  further	  samples	  or	  points	  of	  interest.	  This	  optimizes	  the	  efficiency	  of	  the	  rover	  system,	  and	  enables	  the	  primary	  rover	  to	  plan	  paths	  based	  on	  feedback	  from	  the	  Micro-­‐rover.	  Sample	  acquisition	  missions	  such	  as	  Robo-­‐Ops	  provide	  a	  good	  example	  for	  this	  operation.	  If	  the	  Micro-­‐rover	  were	  to	  be	  deployed	  with	  ORYX	  2.0	  as	  a	  primary	  rover	  in	  this	  competition,	  the	  rovers	  would	  interact	  with	  each	  other	  as	  shown	  in	  Figure	  14.	  
	   13	  
	  
Figure	  14:	  Tandem	  Rover	  Operation	  Concept	  (Robo-­‐Ops	  Example)	  In	  this	  tandem	  rover	  operation	  concept,	  the	  Micro-­‐rover	  acts	  as	  a	  scout	  for	  ORYX.	  The	  concept	  begins	  with	  both	  the	  Micro-­‐rover	  and	  ORYX	  both	  looking	  for	  samples.	  If	  neither	  finds	  a	  sample,	  both	  rovers	  will	  continue	  searching.	  When	  the	  first	  sample	  is	  found,	  regardless	  of	  which	  robot	  locates	  the	  sample,	  ORYX	  moves	  towards	  the	  sample.	  When	  ORYX	  reaches	  the	  sample,	  ORYX	  will	  pick	  up	  the	  sample.	  While	  ORYX	  is	  moving	  towards	  and	  picking	  up	  the	  sample,	  the	  Micro-­‐rover	  will	  continue	  to	  search	  for	  new	  samples.	  If	  the	  Micro-­‐rover	  has	  found	  a	  new	  sample	  by	  the	  time	  ORYX	  has	  finished	  picking	  up	  its	  current	  sample,	  ORYX	  will	  go	  to	  pick	  up	  the	  new	  sample.	  If	  not,	  ORYX	  will	  search	  for	  a	  new	  sample	  until	  either	  robot	  finds	  one,	  where	  the	  process	  repeats.	  	  In	  order	  to	  operate	  a	  two-­‐robot	  system	  with	  multiple	  subsystems	  on	  each	  rover,	  a	  unique	  operating	  team	  dynamic	  is	  implemented	  with	  corresponding	  user	  interface	  software.	  In	  this	  configuration,	  multiple	  (four	  in	  this	  application)	  people	  are	  required	  to	  operate	  this	  system,	  each	  with	  a	  specified	  role	  to	  ensure	  the	  mission	  tasks	  and	  objectives	  are	  carried	  out	  as	  efficiently	  as	  possible	  (Pang	  2008).	  The	  four	  roles	  required	  to	  control	  the	  rovers	  (the	  Micro-­‐rover	  and	  ORYX	  2.0	  used	  as	  in	  previous	  example)	  are	  Rover	  Coordinator,	  Micro-­‐rover	  Controller,	  ORYX	  2.0	  Platform	  Controller	  and	  ORYX	  2.0	  Arm	  Controller.	  Properly	  controlling	  the	  communication	  and	  feedback	  between	  these	  operators	  enables	  the	  operators	  to	  focus	  on	  their	  individual	  tasks,	  and	  not	  get	  overly	  involved	  in	  other	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operations	  or	  flooded	  with	  unnecessary	  information.	  This	  creates	  a	  simple	  level	  system	  for	  situational	  awareness,	  where	  some	  operators	  view	  only	  their	  small	  subsystem,	  while	  other	  operators	  are	  not	  aware	  of	  the	  specifics	  of	  a	  subsystem,	  but	  have	  a	  situational	  understanding	  of	  both	  rovers.	  This	  hierarchy	  is	  shown	  in	  Figure	  15.	  
 
Figure	  15:	  Control	  Structure	  of	  Multi	  Rover	  System	  In	  this	  system,	  the	  Rover	  Coordinator	  receives	  feedback	  from	  each	  operator,	  and	  has	  the	  highest	  level	  of	  situational	  awareness.	  The	  ORYX	  2.0	  and	  Micro-­‐rover	  Controllers	  have	  knowledge	  only	  of	  their	  individual	  subsystems,	  and	  communicate	  to	  each	  other	  only	  when	  collaborating	  on	  an	  action	  (for	  example,	  ORYX	  2.0	  Arm	  Controller	  will	  collaborate	  with	  Platform	  Controller	  directly	  when	  picking	  up	  samples).	  	  3.2	  DESIGN	  SPECIFICATIONS	  AND	  DELIVERABLES	  Our	  primary	  goal	  is	  to	  create	  a	  prototype	  of	  a	  Micro-­‐rover	  capable	  of	  performing	  the	  scouting	  and	  support	  roles	  in	  a	  simulated	  extraterrestrial	  environment.	  To	  fulfill	  this	  goal,	  this	  rover	  must	  meet	  design	  specifications	  in	  the	  following	  areas	  
Mobility:	  While	  acting	  as	  a	  support	  rover,	  the	  Micro-­‐rover	  must	  be	  capable	  of	  operating	  in	  the	  same	  terrain	  as	  the	  primary	  rover.	  The	  micro-­‐rover	  must	  also	  be	  capable	  of	  equaling	  or	  exceeding	  the	  primary	  rovers	  operating	  speed.	  Finally,	  the	  Micro-­‐rover	  must	  be	  both	  easily	  driven	  and	  difficult	  to	  get	  stuck.	  To	  achieve	  these	  goals,	  the	  rover	  will:	  
• Drive	  at	  least	  1m/s	  in	  straight	  line	  over	  flat	  terrain.	  
• Climb	  a	  30deg	  incline.	  
• Self-­‐right	  from	  any	  angle	  on	  a	  flat	  surface.	  
• Climb	  5cm	  step	  obstacle.	  
• Climb	  10cm	  round	  obstacle.	  
• Have	  a	  tail	  for	  hill	  climbing	  and	  camera	  stabilization.	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Visibility	  and	  Situational	  Awareness:	  To	  accomplish	  the	  goal	  of	  inspection	  and	  reconnaissance,	  the	  rover	  must	  have	  the	  ability	  to	  find	  and	  identify	  samples,	  as	  well	  as	  inspect	  the	  primary	  rover.	  The	  rover	  must	  also	  have	  sensors	  to	  monitor	  its	  own	  position	  and	  condition.	  To	  achieve	  these,	  the	  rover:	  
• Will	  have	  a	  color	  camera.	  
• Camera	  resolution	  will	  be	  640p	  with	  bandwidth	  of	  1mb/s.	  
• Will	  operate	  with	  a	  frame	  rate	  of	  at	  least	  10	  f/s.	  
• Will	  incorporate	  temperature	  sensors	  for	  internal	  monitoring.	  
• Will	  incorporate	  Hall	  effect	  sensors	  for	  telemetry.	  
• Will	  incorporate	  sensors	  for	  slope	  and	  position	  feedback.	  
Deployment	  and	  Physical	  Restrictions:	  The	  rover	  must	  be	  capable	  of	  deploying	  from	  Astrobotic’s	  Lunar	  Lander,	  as	  well	  as	  operate	  within	  the	  restrictions	  of	  the	  Robo-­‐Ops	  competition.	  To	  accomplish	  this,	  the	  rover	  must:	  
• Have	  a	  mass	  that	  will	  not	  exceed	  2.5kg.	  
• Volume	  will	  fit	  with	  ORYX	  2.0	  in	  a	  1mx1mx.5m	  cube.	  
• Will	  be	  capable	  of	  surviving	  drop	  test	  of	  .25m	  in	  earth’s	  gravity	  at	  any	  angle.	  
Communication:	  The	  micro-­‐rover	  must	  be	  capable	  of	  communicating	  effectively	  with	  the	  primary	  rover	  from	  within	  a	  specified	  range.	  Because	  the	  Micro-­‐rover	  is	  not	  required	  to	  operate	  independently	  from	  the	  primary	  rover,	  micro-­‐rover	  communications	  can	  be	  routed	  through	  the	  primary	  rover.	  The	  meet	  these	  goals,	  the	  rover	  will	  have:	  
• A	  communications	  range	  of	  at	  least	  100m	  (line	  of	  sight)	  over	  IEEE	  802.11b/g	  network.	  
• The	  capability	  of	  communicating	  to	  or	  through	  a	  primary	  rover.	  	  Our	  Micro-­‐rover	  is	  designed	  to	  be	  a	  first	  prototype	  of	  a	  Lunar	  Micro-­‐rover.	  Through	  our	  Micro-­‐rover	  robot	  will	  omit	  several	  costly	  space-­‐rated	  components,	  such	  as	  space	  hardened	  electrical	  system,	  the	  design	  will	  be	  done	  with	  consideration	  of	  what	  space	  rated	  materials	  and	  practices	  would	  be	  used	  to	  create	  such	  a	  rover.	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4.0	  DESIGN	  This	  section	  provides	  an	  overview	  of	  the	  design	  process	  and	  outcomes	  used	  to	  meet	  our	  project	  goals.	  Figure	  16	  shows	  the	  outcome	  of	  this	  design:	  a	  two-­‐wheeled	  rover	  with	  a	  stabilizing	  tail.	  The	  chassis,	  between	  the	  wheels,	  houses	  the	  electronics,	  communications	  and	  power	  system.	  The	  battery	  is	  kept	  low	  in	  the	  chassis	  to	  add	  stability	  to	  the	  system	  by	  lowering	  the	  center	  of	  gravity.	  To	  provide	  visual	  feedback	  to	  the	  operator,	  there	  is	  an	  HD	  color	  camera	  mounted	  on	  the	  front	  of	  the	  chassis.	  The	  wheels	  have	  integrated	  roll	  bars	  that	  provide	  the	  Micro-­‐rover	  with	  the	  ability	  to	  self-­‐right	  from	  any	  angle.	  
	  	   The	  design	  for	  the	  Micro-­‐rover	  takes	  into	  account	  the	  requirements	  necessary	  for	  it	  to	  be	  used	  as	  a	  possible	  initial	  prototype	  for	  a	  space	  rated	  system.	  Because	  of	  this	  many	  of	  the	  solutions	  in	  the	  design	  were	  a	  compromise	  of	  weight,	  strength,	  cost,	  and	  manufacturing	  feasibility.	  Many	  of	  the	  materials	  were	  donated	  by	  various	  parties	  and,	  because	  of	  such,	  our	  design	  was	  modified	  to	  work	  with	  the	  materials	  we	  had	  available	  to	  us.	  Section	  4	  is	  our	  finial	  design	  for	  the	  Micro-­‐rover	  including	  said	  compromises	  and	  materials	  used.	  The	  final	  design	  specifications	  are	  listed	  in	  Table	  1.	  	  	  	  	  	  	  
Wheels Roll	  Bars Chassis Tail 
Computer 
Camera 
Battery 
Figure	  16:	  Overall	  Design	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Table	  1:	  Realized	  Technical	  Specifications	  of	  Final	  Rover	  Design	  Technical	  Specifications	   	  
Dimension	  (LxWxH)	   42x32x29	  cm	  Mass	   2.7	  kg	  Maximum	  Speed	   1	  m/s	  Communications	   WiFi	  802.11b/g	  
Video	   640x480	  pixels	  at	  8	  fps	  Communication	  Range	   150	  m	  (line	  of	  sight)	  Drop	  height	   0.25	  m	  at	  9.82	  m/s2	  Battery	   12.8	  V	  3.3	  Ah	  LiFePO4	  	  	  4.1	  PLATFORM	  DESIGN/	  MOBILITY	  SYSTEM	  
4.1.1	  OVERVIEW	  	   As	  previously	  stated,	  the	  Micro-­‐rover	  was	  designed	  be	  a	  fully	  mobile	  platform	  over	  mixed	  terrains.	  The	  platform	  must	  meet	  the	  specifications	  of	  passively	  self-­‐righting	  on	  a	  flat	  surface,	  driving	  1m/s	  on	  a	  flat	  surface,	  climbing	  5cm	  step	  obstacles,	  and	  climbing	  30⁰	  slopes.	  Our	  final	  design	  was	  developed	  to	  meet	  within	  the	  size	  and	  mass	  restrictions	  of	  the	  Micro-­‐rover,	  while	  providing	  the	  optimal	  wheel	  and	  drive	  train	  to	  meet	  mobility	  requirements.	  This	  system	  consisted	  of	  a	  chassis	  to	  house	  all	  necessary	  electrical	  and	  actuation	  hardware,	  two	  large	  wheels	  and	  a	  tail	  for	  stability	  during	  movement.	  This	  design	  is	  shown	  in	  Figure	  17.	  
4.1.2	  WHEELS	  The	  Micro-­‐Rover	  wheels	  play	  a	  crucial	  role	  in	  the	  total	  functionality	  of	  the	  rover.	  The	  wheels	  were	  designed	  to	  meet	  the	  following	  design	  criteria:	  
• Passively	  self-­‐righting	  on	  flat	  ground	  
• Able	  to	  withstand	  .25m	  drop	  test	  in	  earth	  gravity	  
Figure	  17:	  Basic	  Mobility	  Parts	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• Able	  to	  climb	  5cm	  step	  obstacle	  Multiple	  design	  iterations	  were	  used	  to	  ensure	  the	  final	  design	  was	  capable	  of	  meeting	  these	  requirements,	  as	  shown	  in	  Table	  2.	  	  
Table	  2:	  Rover	  Wheel	  Design	  Iterations	  
Design	  Iteration	   Description	  
	  
This	  first	  iteration	  involved	  the	  construction	  of	  passively	  actuated	  (spring	  loaded)	  wheels	  that	  expanded	  upon	  deployment.	  To	  activate	  these	  wheels,	  a	  clip	  was	  used	  on	  the	  inside	  of	  the	  wheels,	  allowing	  the	  wheels	  to	  expand	  as	  the	  motors	  were	  turned	  in	  opposite	  directions.	  The	  linkage	  would	  then	  expand	  the	  wheel	  base,	  and	  create	  role	  bars	  for	  the	  rover.	  This	  design	  was	  never	  realized,	  primarily	  due	  to	  manufacturability	  and	  strength	  limitations.	  
	  
This	  second	  design	  was	  the	  first	  rover	  prototype	  to	  be	  realized.	  This	  design	  was	  a	  simplification	  of	  the	  first	  design,	  and	  lacked	  roll	  bars	  or	  expandable	  wheels.	  	  This	  verified	  the	  drive	  dynamic	  was	  correct	  for	  the	  rover,	  however	  was	  incapable	  of	  meeting	  the	  self-­‐righting	  design	  requirement.	  	  
	  
The	  rover’s	  third	  iteration	  involved	  the	  addition	  of	  the	  role	  cage,	  enabling	  the	  rover	  to	  self-­‐right	  at	  any	  angle.	  This	  was	  tested	  and	  verified.	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The	  next	  design	  was	  then	  created,	  involving	  the	  use	  of	  roll	  bars	  to	  replace	  the	  role	  cages.	  This	  design	  was	  created	  in	  an	  effort	  to	  minimize	  the	  possibility	  of	  breakage	  during	  a	  drop	  test,	  and	  minimizes	  weight	  and	  manufacturability	  issues.	  
	  
This	  final	  design	  was	  developed,	  using	  carbon	  fiber	  wheels	  and	  an	  aluminum	  chassis.	  The	  role	  bars	  prevented	  flipping	  from	  any	  angle,	  and	  rubber	  grousers	  were	  used	  to	  ensure	  the	  rover	  was	  not	  traction	  limited.	  	  
	  	   The	  first	  design	  iteration	  was	  the	  concept	  of	  constructing	  a	  fully	  collapsible	  wheel	  system,	  taking	  advantage	  of	  a	  complex	  linkage	  system	  to	  passively	  actuate	  the	  wheels	  outwards	  during	  deployment.	  This	  concept	  was	  abandoned	  due	  to	  weight	  and	  strength	  considerations,	  in	  favor	  of	  solid	  fixed	  wheels.	  While	  field-­‐testing	  this	  concept,	  the	  need	  for	  a	  self-­‐righting	  rover	  became	  clear.	  A	  roll	  cage	  was	  then	  added,	  giving	  the	  rover	  this	  capability.	  In	  our	  final	  prototype,	  the	  roll	  cage	  was	  replaced	  by	  a	  roll	  bar,	  serving	  the	  same	  function	  while	  concentrating	  any	  impact	  force	  directly	  on	  the	  axel	  where	  the	  wheel	  is	  strongest.	  	  The	  Micro-­‐rover	  wheels	  were	  designed	  to	  have	  the	  largest	  possible	  outer	  diameter,	  while	  adhering	  to	  the	  size	  constraints,	  enabling	  the	  rover	  to	  climb	  specified	  obstacle	  sizes,	  and	  transverse	  simulated	  lunar	  surfaces.	  These	  wheels,	  shown	  in	  Figure	  18,	  are	  made	  almost	  entirely	  of	  rigged,	  meshed	  carbon	  fiber.	  This	  allows	  for	  the	  wheels	  to	  provide	  the	  stiffness	  and	  support	  necessary	  for	  driving	  and	  drop	  tests,	  while	  still	  enabling	  the	  rover	  to	  fall	  within	  mass	  restrictions.	  	  
Figure	  18:	  Wheel	  (Fully	  Assembled)	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Figure	  19:	  Exploded	  View	  of	  Wheel	  Design	  and	  Assembly	  	   The	  roll	  bar	  is	  mounted	  on	  the	  outer	  edge	  of	  the	  wheel,	  and	  provides	  a	  point	  12.7	  cm	  away	  from	  the	  wheel	  around	  which	  the	  rover	  can	  pivot	  when	  self-­‐righting.	  The	  roll	  bar	  has	  an	  outer	  diameter	  of	  4	  cm,	  and	  is	  about	  16.5	  cm	  long.	  This	  4	  cm	  diameter	  adds	  structural	  support	  to	  the	  roll	  bar	  and	  (with	  the	  addition	  of	  the	  cap	  shown	  in	  Figure	  19)	  will	  not	  stick	  into	  lunar	  regolith.	  	   The	  rims,	  pictured	  in	  Figure	  20,	  are	  designed	  with	  a	  5	  cm	  width,	  provide	  stability	  to	  the	  rover,	  as	  well	  as	  provide	  a	  large	  surface	  area	  to	  make	  driving	  over	  loose	  terrain	  easier.	  Also,	  this	  was	  the	  maximum	  width	  allowing	  the	  onboard	  camera	  to	  operate	  at	  maximum	  visibility	  (no	  side	  interference	  from	  rims).	  These	  rims	  were	  constructed	  out	  of	  28	  cm	  outer	  diameter	  carbon	  fiber	  tubes.	  	  	  	  
	  
Figure	  20:	  Carbon	  fiber	  outer	  rims	  	   The	  Spoke	  Plate	  was	  constructed	  out	  of	  .0792	  cm	  (1/32”)	  cross-­‐woven	  carbon	  fiber	  sheets.	  These	  are	  solid,	  multi-­‐layer	  carbon	  fiber	  pieces;	  capable	  of	  withstanding	  loads	  equally	  both	  vertically	  and	  laterally.	  Because	  the	  rover	  could	  land	  in	  any	  orientation,	  this	  plate	  must	  be	  able	  to	  
Outer	  Rim	  
Ribs	  
Hubs	  
Stability	  Bracket	  
Spoke	  Plate	  	  
Mast	  Mount	  
Roll	  Bar	  
Cap	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absorb	  an	  impact	  from	  both	  the	  outer	  rim	  and	  the	  Roll	  Bar.	  The	  features	  of	  this	  plate	  were	  manufactured	  through	  water-­‐jet,	  and	  washers	  are	  used	  on	  hub	  screw	  mounts	  to	  reduce	  point	  loading.	  During	  this	  manufacturing	  process,	  some	  delamination	  occurred	  in	  the	  carbon	  fiber.	  This	  is	  shown	  in	  Figure	  21,	  which	  is	  the	  worst	  case	  out	  of	  all	  manufacturing	  runs.	  
	  
Figure	  21:	  Delamination	  of	  Carbon	  Fiber	  	   These	  parts	  are	  bonded	  together	  through	  the	  use	  of	  HYSOL	  9430	  Epoxy.	  Glass	  micro-­‐balloons	  were	  added	  to	  the	  epoxy	  to	  improve	  lateral	  rigidity	  to	  the	  joint.	  This	  was	  applied	  on	  surfaces	  between	  the	  Spoke	  Plate	  and	  Rim,	  as	  well	  as	  between	  the	  Spoke	  Plate	  and	  Roll	  Bar.	  	  	   To	  fulfill	  the	  requirement	  of	  climbing	  slopes	  and	  obstacles,	  a	  suitable	  traction	  material	  was	  selected.	  After	  experimenting	  qualitatively	  with	  multiple	  materials	  by	  testing	  various	  material	  types	  (rubber	  lining,	  wood	  grousers)	  on	  prototype	  wheels,	  the	  material	  shown	  in	  Figure	  22	  was	  selected.	  Other	  tradeoffs	  included	  weight	  and	  material	  durability.	  This	  material	  consisted	  of	  deep	  grousers,	  overlaid	  in	  such	  a	  way	  as	  to	  prevent	  vibration	  during	  driving.	  The	  rubber	  was	  reinforced	  with	  canvas,	  and	  epoxied	  directly	  to	  the	  wheels	  carbon	  fiber	  outer	  rim.	  
	  
Figure	  22:	  Tread	  Material	  Because	  the	  wheels	  require	  a	  tradeoff	  between	  mass	  and	  rigidity,	  it	  was	  necessary	  to	  optimize	  the	  geometry	  of	  the	  wheel	  to	  meet	  these	  needs.	  This	  was	  done	  through	  SolidWork’s	  Finite	  Element	  Analysis	  Tool	  (FEE).	  The	  process	  for	  determining	  the	  geometry	  of	  the	  wheel	  is	  shown	  Figure	  23.	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Figure	  23:	  Final	  verification	  of	  wheel	  integrity	  This	  analysis	  was	  tested	  qualitatively	  to	  verify	  loading	  patterns,	  however	  no	  quantitative	  measurements	  were	  able	  to	  be	  obtained	  due	  to	  low	  deflection	  of	  the	  material	  (less	  than	  1mm),	  as	  well	  as	  the	  difficulties	  involved	  measuring	  while	  applying	  an	  impulse	  force.	  For	  more	  information,	  please	  see	  Details	  of	  Wheel	  Design	  in	  Appendix	  B:	  Details	  of	  Wheel	  Design	  Process	  and	  Simulation.	  
4.1.3	  CHASSIS	  The	  chassis	  of	  the	  Micro-­‐Rover	  contains	  many	  of	  the	  critical	  components	  necessary	  for	  the	  rover	  to	  operate.	  The	  major	  components	  encased	  inside	  the	  chassis	  include	  the	  battery,	  Overo	  computer,	  RoboVero	  breakout	  board,	  printed	  circuit	  board	  (PCB)	  created	  for	  power	  and	  signal	  routing,	  motors,	  controllers	  and	  camera.	  Each	  of	  these	  aspects	  of	  the	  robot’s	  operation	  is	  described	  in	  greater	  detail	  in	  later	  sections.	  The	  position	  of	  each	  components	  mounting	  location	  inside	  the	  cassis	  is	  shown	  in	  the	  Figure	  24.	  
	   23	  
	  
Figure	  24:	  Chassis	  Component	  Placement	  and	  Assembly	  The	  Rover	  Chassis	  is	  suspended	  freely	  between	  the	  two	  wheels,	  and	  is	  fully	  encapsulated	  on	  the	  interior	  of	  the	  rover.	  This	  not	  only	  provides	  partial	  protection	  from	  dust	  and	  debris,	  but	  also	  allows	  the	  rover	  to	  operate	  over	  the	  same	  terrain	  as	  a	  larger	  rover	  without	  bottoming	  out.	  This	  is	  due	  to	  the	  close	  wheelbase	  and	  width	  of	  wheel	  rims.	  The	  chassis	  is	  built	  from	  .3175	  cm	  (1/8”)	  aluminum,	  which	  was	  water	  jetted	  into	  2	  side	  plates,	  and	  a	  number	  of	  shelve	  like	  structures	  to	  hold	  all	  the	  necessary	  electrical	  equipment.	  We	  used	  7.62	  cm	  standoffs	  to	  hold	  the	  2	  side	  plates	  of	  the	  chassis	  together,	  with	  the	  shelves	  setting	  upon	  grooves	  pre-­‐cut	  into	  the	  2	  sides.	  The	  grooves	  and	  shelves	  are	  close	  fits,	  which	  do	  not	  hold	  the	  chassis	  together,	  but	  prevents	  the	  shelving	  aluminum	  plates	  from	  moving	  or	  vibrating	  during	  driving.	  For	  the	  motor	  mounts	  we	  used	  aluminum	  plates	  as	  well	  with	  2.54	  cm	  standoffs	  to	  keep	  the	  two	  motors	  in	  place.	  This	  was	  done	  by	  mounting	  the	  motors	  onto	  the	  small	  plates	  on	  the	  far	  sides	  of	  the	  chassis	  then	  mounting	  the	  plates	  to	  the	  chassis	  with	  the	  standoffs.	  	  Aluminum	  was	  selected	  because	  of	  its	  ease	  of	  manufacturing	  and	  lightweight.	  We	  used	  1/32”	  (1/8”)	  aluminum	  to	  keep	  the	  weight	  down	  yet	  kept	  structural	  integrity.	  This	  thickness	  would	  also	  resist	  bending	  and	  dents	  on	  impact	  when	  falling.	  Carbon	  fiber	  was	  considered	  for	  this	  purpose,	  but	  the	  cost	  of	  manufacture	  and	  lead-­‐time	  was	  out	  of	  the	  project’s	  scope.	  We	  also	  looked	  into	  other	  materials	  such	  as	  steel,	  which	  are	  prohibitively	  heavy	  for	  our	  application.	  The	  last	  option	  we	  looked	  into	  before	  selecting	  aluminum	  was	  fiberglass,	  we	  found	  that	  the	  number	  of	  layers	  needed	  to	  create	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a	  structurally	  sound	  chassis	  created	  an	  overly	  thick	  chassis	  assembly,	  taking	  away	  from	  the	  vital	  space	  needed	  on	  the	  interior	  to	  fit	  the	  electronics	  and	  sensors.	  The	  camera	  was	  placed	  on	  the	  foremost	  point	  of	  the	  rover,	  allowing	  for	  the	  maximum	  possible	  line	  of	  sight	  around	  the	  wheels.	  A	  lens	  was	  purchased	  allowing	  the	  line	  of	  sight	  for	  the	  camera	  to	  come	  as	  close	  as	  possible	  to	  wheels	  without	  the	  wheels	  obstructing	  the	  view	  angle.	  The	  RoboVero,	  Controllers	  and	  PCB	  were	  mounted	  in	  the	  most	  central	  areas	  of	  the	  chassis	  to	  protect	  from	  dust	  and	  debris,	  as	  well	  as	  keep	  the	  center	  of	  mass	  closer	  to	  the	  center	  of	  the	  Micro-­‐rover.	  For	  reference,	  the	  coordinate	  frame	  is	  provided	  in	  Figure	  25.	  The	  origin	  of	  the	  Micro-­‐rovers	  coordinate	  frame	  is	  located	  at	  the	  center	  of	  gravity.	  Because	  of	  the	  two-­‐wheel	  system,	  much	  of	  the	  rover’s	  mobility	  functions	  and	  characteristics	  are	  determined	  by	  the	  center	  of	  mass.	  The	  center	  of	  mass	  of	  our	  robot	  is	  located	  near	  the	  center	  of	  the	  chassis,	  directly	  below	  the	  axels,	  as	  seen	  in	  Figure	  25.	  For	  the	  rover	  dynamics	  to	  function	  properly,	  it	  was	  necessary	  to	  place	  the	  battery	  as	  far	  in	  the	  –Z	  direction	  as	  possible,	  as	  well	  as	  to	  mount	  the	  motor	  axis	  as	  high	  as	  possible	  in	  the	  positive	  Z	  direction.	  This	  dampens	  oscillations	  on	  the	  camera	  caused	  by	  acceleration	  along	  the	  forward	  axis	  of	  the	  rover,	  making	  the	  video	  feed	  unstable	  and	  allowing	  the	  rover	  to	  climb	  steeper	  slopes.	  	  
4.1.5	  DRIVE	  SYSTEM	  AND	  DYNAMICS	  The	  rover	  includes	  two	  Maxon	  motors	  and	  gearbox	  assemblies.	  This	  allowed	  us	  to	  have	  a	  direct	  drive	  system	  from	  the	  gearbox	  shafts,	  and	  drive	  our	  wheels	  independently	  through	  tank	  steering.	  The	  wheels	  fully	  encompass	  the	  chassis	  and	  provide	  a	  clearance	  of	  about	  6cm	  under	  the	  chassis.	  The	  wheels	  also	  have	  roll	  bars	  that	  extrude	  from	  the	  center	  of	  the	  wheels	  and	  self-­‐rights	  the	  rover	  when	  flipped,	  as	  previously	  described.	  A	  benefit	  of	  a	  two-­‐wheel	  system	  is	  the	  absence	  of	  drag	  from	  skid	  steering.	  In	  a	  typical	  four	  wheeled	  rover	  application,	  power	  is	  applied	  to	  wheel	  modules	  independently	  on	  each	  side	  of	  the	  rover,	  turning	  the	  rover	  while	  the	  wheels	  skid	  horizontally	  across	  the	  ground	  surface.	  This	  hinders	  steering	  in	  rough	  terrain,	  as	  sand	  and	  debris	  build	  up	  on	  the	  outer	  edges	  of	  the	  wheelbase.	  To	  counteract	  this,	  many	  rovers	  of	  this	  type	  add	  an	  additional	  degree	  of	  freedom	  (DOF)	  to	  rotate	  the	  wheelbase.	  For	  the	  Micro-­‐rover,	  this	  extra	  DOF	  was	  not	  an	  option,	  due	  to	  weight	  constraints	  involved	  in	  the	  addition	  of	  extra	  actuators.	  
Figure	  25:	  Center	  of	  Mass	  
Z	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Using	  tank	  steering	  with	  the	  two-­‐wheel	  drive	  system	  gives	  us	  complete	  rotational	  control	  while	  driving.	  This	  allows	  the	  camera	  to	  be	  easily	  panned	  from	  side	  to	  side	  while	  scouting	  for	  samples	  or	  inspecting	  the	  rover.	  Tank	  steering	  will	  allow	  us	  to	  be	  able	  to	  turn	  within	  the	  rover’s	  wheelbase	  with	  the	  exception	  of	  the	  tail.	  The	  tail	  will	  trail	  behind	  the	  Micro-­‐rover,	  providing	  support	  and	  stabilization	  while	  accelerating,	  driving,	  and	  climbing	  hills.	  	  	   	  One	  predicted	  limitation	  of	  this	  design	  is	  the	  chassis	  variable	  tilt	  angle,	  and	  subsequent	  stability	  issues	  of	  the	  camera	  view.	  While	  the	  tail	  provides	  stability	  during	  forward	  acceleration	  and	  hill	  climbs,	  downward	  slopes	  and	  negative	  accelerations	  cause	  the	  camera	  feed	  to	  become	  unstable	  osculating	  along	  the	  Y-­‐axis	  limiting	  rover	  navigation.	  These	  states	  are	  shown	  in	  the	  figures	  below	  for	  level	  surfaces.	  Please	  note	  these	  figures	  do	  not	  represent	  exact	  angles,	  as	  angles	  in	  each	  case	  vary	  according	  to	  acceleration	  rate	  (dynamically	  reconfigurable	  through	  user	  interface)	  as	  well	  as	  surface	  friction	  and	  properties.	  	  	  
	  
Figure	  26:	  Stationary	  (No	  Wheel	  Spin)	  on	  Level	  Ground	  In	  Figure	  26,	  the	  rover	  wheels	  do	  not	  accelerate	  in	  any	  direction.	  Gravity	  acts	  upon	  the	  rover	  chassis,	  allowing	  the	  center	  of	  mass	  to	  settle	  directly	  below	  the	  axel.	  In	  this	  position,	  the	  rover	  is	  stable	  and	  the	  camera	  is	  parallel	  with	  the	  x	  direction.	  	  
	  
Figure	  27:	  Forward	  Acceleration	  on	  Level	  Ground	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In	  Figure	  27,	  the	  forward	  acceleration	  of	  the	  rover	  wheels	  creates	  a	  downward	  force	  on	  the	  tail,	  preventing	  the	  rover	  chassis	  from	  tilting.	  	  
	  
Figure	  28:	  Reverse	  Acceleration	  on	  Level	  Ground	  	   As	  can	  be	  seen	  in	  Figure	  28	  image,	  the	  camera	  angle	  is	  restricted	  during	  reverse	  acceleration.	  This	  was	  deemed	  acceptable,	  because	  of	  the	  limited	  number	  of	  cases	  where	  the	  user	  will	  be	  required	  to	  navigate	  in	  reverse.	  The	  one	  case	  that	  most	  restricts	  drivability	  of	  this	  design	  is	  the	  case	  of	  changing	  drive	  speed	  from	  full	  forward	  to	  a	  stop	  or	  reverse	  speed.	  In	  this	  case,	  the	  camera	  dips	  downwards	  abruptly,	  restricting	  view	  of	  obstacles	  in	  front	  of	  the	  rover.	  The	  rover	  view	  is	  quickly	  recovered,	  due	  to	  the	  weight	  of	  the	  battery	  acting	  as	  a	  balancing	  force.	  	  	   	  Another	  failure	  mode	  of	  this	  mechanical	  design	  is	  the	  possibility	  of	  a	  complete	  spin.	  This	  could	  occur	  in	  one	  of	  two	  ways:	  abrupt	  reverse	  acceleration	  spins	  rover	  chassis	  180⁰	  or	  rover	  self-­‐rights	  into	  inverted	  position	  after	  falling	  down	  a	  hill.	  This	  case	  is	  shown	  in	  the	  Figure	  29.	  
	  
Figure	  29:	  Failure	  mode	  of	  complete	  spin	  	   In	  this	  case,	  the	  rover	  is	  still	  drivable	  and	  fully	  mobile;	  however	  the	  camera	  has	  no	  reference	  to	  the	  ground	  surface.	  To	  prevent	  this	  case	  from	  occurring,	  the	  rover	  will	  be	  acceleration	  limited	  both	  by	  dynamic	  acceleration	  limitations	  in	  the	  user	  interface,	  as	  well	  as	  feedback	  from	  onboard	  gyroscopes	  and	  accelerometers.	  For	  more	  details,	  refer	  to	  Section	  4.3.	  The	  rover	  can	  be	  actively	  recovered	  from	  this	  position	  by	  forward	  acceleration	  of	  both	  motors.	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   An	  alternative	  design	  was	  considered	  to	  increase	  drivability	  (ability	  of	  user	  to	  navigate	  rover	  while	  retaining	  situational	  awareness)	  while	  inverted,	  involving	  the	  addition	  of	  a	  second	  tail	  mirroring	  the	  existing	  tail,	  allowing	  the	  camera	  view	  to	  reach	  ground	  in	  this	  position.	  An	  example	  of	  this	  tail	  configuration	  can	  be	  referenced	  in	  2.1.5	  Google	  Lunar	  X	  PRIZE,	  see	  the	  Dandelion	  Rover.	  This	  would	  provide	  an	  additional	  state	  however,	  in	  which	  the	  rover	  would	  not	  be	  able	  to	  self-­‐write.	  This	  case	  is	  shown	  in	  the	  Figure	  30.	  
	  
Figure	  30:	  Two-­‐tail	  rover	  design	  failure	  mode	  (non-­‐recoverable)	  An	  additional	  objective	  for	  the	  Micro-­‐rover	  was	  to	  meet	  the	  specifications	  of	  operating	  on	  a	  30°	  slope.	  The	  calculation	  of	  the	  angle	  needed	  before	  the	  Micro-­‐rover	  would	  flip	  due	  to	  its	  own	  weight	  while	  climbing	  perpendicular	  to	  a	  slope	  is	  done	  based	  off	  the	  dimensions	  given	  in	  Figure	  31.	  
Figure	  31:	  Diagram	  of	  micro-­‐rover's	  tipping	  point	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This	  calculation	  is	  for	  a	  force	  applied	  to	  the	  Micro-­‐rover	  in	  the	  Y	  direction	  (as	  defined	  in	  Figure	  25).	  Any	  force	  applied	  to	  the	  front	  or	  rear	  of	  the	  rover	  would	  be	  negligent	  because	  of	  the	  two-­‐wheel	  design.	  Also	  shown	  in	  Figure	  31	  is	  the	  Micro-­‐rover’s	  tipping	  angle	  is	  about	  53.47°,	  which	  would	  flip	  the	  rover	  if	  no	  bars	  were	  present.	  4.2	  ELECTRICAL	  DESIGNS	  The	  electrical	  systems	  on	  the	  Micro-­‐rover	  are	  located	  in	  the	  chassis,	  and	  provide	  the	  rover	  with	  the	  following	  basic	  capabilities:	  	  
• Onboard	  Computation	  
• Wireless	  Communication	  
• Actuation	  
• Power	  
• Sensing	  	  These	  basic	  functionalities	  are	  provided	  by	  multiple	  electrical	  components,	  detailed	  in	  this	  section.	  These	  components	  were	  selected	  based	  on	  their	  ability	  to	  perform	  each	  of	  the	  listed	  capabilities,	  as	  well	  as	  their	  ability	  to	  communicate	  and	  interface	  with	  other	  components	  and	  software.	  	  
4.2.1	  DRIVE	  MODULE	  AND	  MOTORS	  The	  motors	  selected	  for	  the	  Micro-­‐rover	  must	  be	  capable	  of	  meeting	  the	  torque	  and	  speed	  requirements	  of	  the	  rover,	  as	  well	  as	  being	  compact	  in	  physical	  size	  and	  completely	  enclosed	  to	  minimize	  dust	  and	  debris	  entering	  the	  motor	  housing.	  The	  base	  torque	  specification	  for	  the	  motor	  is	  derived	  from	  the	  need	  to	  climb	  a	  30°	  on	  earth	  given	  the	  rover’s	  geometry.	  	  
	  	  	  	  	  	  	  	  
Figure	  32:	  Torque	  calculations	  As	  seen	  in	  Figure	  32,	  the	  minimum	  torque	  requirement	  from	  the	  motors	  is	  1.746N-­‐m	  divided	  over	  the	  two	  motors.	  If	  a	  safety	  factor	  of	  two	  is	  implemented,	  each	  motor	  should	  have	  the	  ability	  to	  output	  1.746N-­‐m	  of	  torque.	  	  
24.5n	  30°	  	  
24.5*sin(30)=	  12.25n	  
24.5*cos(30)=	  21n	  (tail	  and	  wheel	  combined)	  
T=12.5n*.1397m=	  1.746N-­‐m	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The	  motors	  must	  also	  be	  able	  to	  rotate	  at	  a	  speed	  capable	  of	  meeting	  the	  rover	  specification	  of	  1m/s.	  Because	  the	  wheel	  radius	  is	  5.5	  in.	  or	  .1397m,	  the	  rpm	  of	  the	  motor	  can	  be	  calculated	  as:	  𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒  𝑖𝑛  1  𝑅𝑜𝑡𝑎𝑡𝑖𝑜𝑛 = 2𝜋 . 1397 = .88𝑚	  
𝑅𝑃𝑀  𝑎𝑡 1𝑚𝑠 = 1. 88𝑚 ∗ 60 = 68.18  𝑅𝑃𝑀	  We	  choose	  MAXON	  as	  the	  motor	  provider	  because	  its	  motors	  meet	  these	  requirements	  very	  well.	  The	  specific	  drive	  system	  selected	  consists	  of	  the	  following	  parts:	  
• 446938	  (Motor	  200142	  +	  Gearbox	  166165)	  
• 414533	  (Controller:	  ESCON	  36/3)	  This	  system	  includes	  a	  30W	  motor,	  with	  Hall	  sensors,	  as	  well	  as	  a	  66:1	  planetary	  gearbox	  (see	  Appendix	  B:	  Details	  of	  Wheel	  Design	  Process	  and	  Simulation).	  The	  system	  is	  also	  enclosed	  to	  prevent	  interference	  from	  dust	  and	  debris,	  and	  is	  the	  shortest	  possible	  mechanical	  length	  and	  weight	  for	  the	  given	  requirements.	  The	  planetary	  gearbox	  was	  selected	  due	  to	  its	  ability	  to	  handle	  a	  vertical	  shock,	  as	  well	  as	  its	  ability	  to	  handle	  vibrations	  and	  prolonged	  sheer	  stresses	  that	  will	  accompany	  the	  rovers	  launch	  and	  deployment,	  as	  well	  as	  test	  driving	  and	  handling.	  For	  more	  details	  about	  motors,	  refer	  to	  Appendix	  C:	  Selected	  Motor	  Specifications)	  
4.2.2	  CONTROLLER	  AND	  COMPUTER	  SYSTEM	  	   The	  selected	  single	  board	  computer	  for	  the	  rover	  is	  the	  Gumstix	  Overo	  FE	  Com	  pictured	  in	  Figure	  33.	  This	  is	  a	  low	  power	  board	  with	  small	  physical	  dimensions	  (58x17x4.2mm),	  which	  specializes	  in	  processing	  video	  signals.	  The	  board	  also	  includes	  802.11b/g	  wireless	  capabilities,	  as	  well	  as	  an	  antenna	  that	  can	  be	  mounted	  externally	  to	  the	  robot	  chassis.	  	   Using	  this	  board	  required	  a	  secondary	  breakout	  board	  for	  the	  power	  supply	  and	  USB	  camera,	  as	  well	  as	  to	  provide	  the	  necessary	  digital	  and	  analog	  pins	  needed	  for	  sensors	  and	  control	  functions.	  The	  breakout	  board	  is	  the	  Gumstix	  RoboVero™	  board	  (Appendix	  F:	  Gumstix	  RoboVero	  Specifications),	  which	  has	  the	  ability	  to	  communicate	  to	  motor	  controllers	  using	  header	  pins	  for	  GPIO/CAN/I2C/SPI/UART/PWM	  and	  analog	  signals.	  	  The	  selected	  motor	  controllers	  for	  this	  system	  are	  those	  recommended	  by	  MAXON	  for	  the	  motor	  type.	  This	  is	  the	  ESCON	  Module	  36/3,	  pictured	  in	  Figure	  34,	  which	  is	  a	  small	  motor	  controller	  
Figure	  33:	  Gumstix	  Overo	  FE	  COM	  
single	  board	  computer	  
Figure	  34:	  MAXON	  ESCON	  Motor	  Control	  
Module	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compatible	  with	  both	  the	  Gumstix	  system	  and	  MAXON	  motor.	  The	  motor	  controller	  has	  configurable	  analog	  and	  digital	  inputs	  and	  out	  puts.	  These	  can	  be	  configured	  to	  provide	  the	  actual	  speed	  of	  the	  motors	  based	  on	  the	  Hall	  sensor	  embedded	  in	  the	  motors.	  Two	  of	  these	  controllers	  are	  required.	  
4.2.3	  POWER	  SYSTEMS	  The	  micro-­‐rover	  will	  be	  powered	  by	  a	  multi-­‐cell	  chemical	  battery	  source.	  The	  batteries	  to	  be	  used	  are	  lithium	  iron	  phosphate	  (LiFePO4)	  cells.	  They	  provide	  an	  inexpensive	  commercially	  available	  option	  for	  batteries	  that	  are	  able	  to	  retain	  their	  power	  capacity	  after	  being	  frozen	  to	  lunar	  night	  temperatures.	  This	  allows	  for	  better	  representation	  of	  flight	  ready	  components	  for	  the	  Micro-­‐rover.	   The	  power	  requirements	  for	  the	  rover	  are	  listed	  in	  Table	  3.	  Power	  requirements	  are	  estimated	  based	  on	  component	  specifications.	  For	  actual	  values,	  see	  testing	  section.	  	  
Table	  3:	  Power	  Budget	  	  Component	   Power	  Draw	  2x	  MAXON	  Motors	   30Wx2=	  60W	  (Absolute	  max)	  ~5Wx2=10W	  (expected	  running)	  Single	  Board	  Computer	  W/	  Wireless	  Antenna	   6W	  Breakout	  Board	   .125W	  2x	  MAXON	  Controllers	   2Wx2=4W	  Point	  Grey	  Camera	   1W	  Sum	  (Expected	  Running)	   21.125W	  Sum	  (Motors	  Off)	   11.125W	  
	  The	  selected	  batteries	  must	  operate	  between	  11.5	  and	  13.3	  V,	  to	  meet	  minimum	  voltage	  requirements	  of	  selected	  components.	  The	  minimum	  voltage	  of	  11.5V	  comes	  from	  the	  motor	  controllers	  input	  requirements,	  as	  well	  as	  the	  11V	  minimum	  for	  the	  RoboVero	  A-­‐D	  converters	  to	  function	  properly.	  They	  must	  also	  meet	  up	  to	  the	  1h	  operating	  time	  requirement,	  considering	  the	  11.125	  W	  power	  consumption.	  This	  means	  that	  the	  battery	  must	  be	  a	  12V	  11.25	  Watt-­‐hour	  battery.	  To	  fulfill	  this	  need,	  we	  selected	  the	  Powerizer®	  LiFEPO4	  battery	  shown	  in	  the	  Figure	  35.	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Figure	  35:	  Selected	  Battery	  This	  battery	  has	  a	  nominal	  voltage	  of	  12.8V,	  and	  is	  rated	  at	  3.3Ah.	  	  The	  internal	  PCB	  in	  the	  battery	  regulates	  the	  battery’s	  cell	  charge	  distribution,	  as	  well	  as	  prevents	  the	  battery	  from	  outputting	  more	  than	  the	  specified	  current	  or	  operating	  outside	  its	  voltage	  range.	  
4.2.4	  SIGNAL	  ROUTING	  AND	  POWER	  DISTRIBUTION	  BOARD	  	   A	  PCB	  was	  also	  produced	  to	  handle	  signal	  routing	  and	  power	  distribution	  tasks.	  This	  board	  provides	  both	  motor	  and	  sensor	  feedback	  to	  the	  Overo	  computer,	  as	  well	  as	  actuation	  signals.	  Simple	  active	  features	  of	  this	  board	  include:	  
• Onboard	  temperature	  sensor	  
• Independent	  digital	  to	  analog	  conversion	  scaled	  for	  compatibility	  directly	  with	  each	  MAXON	  motor	  controller	  
• Protected	  battery	  voltage	  sensor	  and	  analog	  scaling	  
• Power	  indication	  LED	  Passive	  features	  of	  this	  board	  include:	  
• Low	  pass	  filtering	  of	  battery	  voltage	  
• Motor	  controller	  signal	  routing	  (both	  motors)	  
o Enable/Disable	  
o Actual	  Speed	  
o Temperature	  	  
o Direction	  
o Power	  (12V)	  
o Extra	  Reconfigurable	  Pin	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• Two	  Detachable	  Temperature	  Sensors	  
o Battery	  Temperature	  
o Ambient	  Temperature	  
• On/Off	  Switch	  
• Battery	  Connectors	  
o Isolated	  by	  switch	  for	  safe	  charging	  without	  removing	  battery	  
• RoboVero	  connections	  	  
o Signal	  routing	  from	  sensors	  
o Signal	  routing	  to	  motors	  
o Power	  	  	  The	  full	  functionality	  of	  this	  board	  and	  accompanying	  systems	  is	  shown	  in	  Figure	  36.	  
	  
Figure	  36:	  System	  Level	  View	  of	  Power	  and	  Signal	  Routing	  (individual	  wires	  and	  connections	  not	  shown)	  A	  benefit	  of	  this	  PCB	  is	  the	  ability	  of	  the	  board	  to	  connect	  modularly	  to	  each	  other	  component	  on	  the	  rover.	  This	  can	  be	  seen	  clearly	  in	  Figure	  36,	  where	  each	  component	  can	  be	  removed	  by	  disconnecting	  it	  only	  from	  the	  PCB.	  This	  is	  beneficial	  for	  the	  following	  reasons:	  
• Wiring	  weight	  and	  volume	  minimization	  
• Reliability	  of	  connections	  
• Ease	  of	  assembly	  
• Component	  replacement	  and	  debugging	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An	  example	  of	  this	  wiring	  is	  photographed	  in	  Figure	  37,	  with	  one	  plate	  and	  motor	  module	  removed	  
for	  viewing	  clarity.	  	  4.3	  SOFTWARE	  DESIGN	  This	  software	  integrated	  with	  the	  Micro-­‐rover	  handled	  sensor	  feedback,	  camera	  image	  compression,	  and	  wheel	  control.	  	  To	  implement	  this,	  a	  combination	  of	  custom	  and	  pre-­‐existing	  Robot	  Operating	  System	  (ROS)	  nodes	  was	  installed.	  In	  addition,	  dead	  reckoning	  and	  other	  computational	  math	  is	  done	  to	  provide	  further	  user	  feedback.	  
4.3.1	  ROS	  FRAMEWORK	  ROS	  is	  an	  open-­‐source,	  meta-­‐operating	  system	  for	  robots.	  It	  provides	  hardware	  abstraction,	  low-­‐level	  device	  control,	  implementation	  of	  commonly	  used	  functionality,	  message	  passing	  between	  processes	  and	  package	  management	  that	  an	  operating	  system	  has.	  ROS	  utilizes	  peer-­‐to-­‐peer	  network	  for	  different	  computers	  to	  communicate	  with	  each	  other.	  ROS	  is	  not	  a	  real-­‐time	  framework,	  but	  it	  is	  able	  to	  integrate	  real	  time	  code	  with	  ROS.	  The	  reason	  we	  choose	  ROS	  to	  develop	  the	  software	  functionality	  of	  the	  Micro-­‐rover	  is	  based	  on	  two	  ROS	  qualities.	  First,	  all	  ROS	  packages	  can	  be	  individually	  developed	  and	  they	  are	  loosely	  coupled	  with	  each	  other.	  This	  advantage	  enables	  the	  ROS	  packages	  developed	  by	  us	  to	  easily	  adapt	  to	  existing	  ROS	  packages.	  We	  don’t	  need	  to	  worry	  about	  adaptability	  issue	  while	  developing	  ROS	  packages.	  Second,	  ROS	  framework	  can	  be	  implemented	  by	  many	  modern	  programming	  language	  including	  Python,	  C++	  and	  Lisp.	  This	  advantage	  gives	  us	  flexibility	  to	  choose	  our	  preferred	  language	  to	  develop	  ROS	  packages.	  	  The	  basic	  ROS	  concepts	  include:	  Nodes:	  Nodes	  are	  processes	  that	  perform	  computation.	  
Figure	  37:	  Rover	  Wiring	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Master:	  The	  ROS	  Master	  provides	  name	  registration	  and	  lookup	  to	  the	  rest	  of	  the	  Computation	  Graph	  Parameter	  Server:	  It’s	  part	  of	  the	  Master.	  It	  stores	  data	  by	  key	  in	  a	  central	  location.	  Messages:	  Nodes	  communicate	  with	  each	  other	  by	  passing	  messages.	  Topics:	  Messages	  are	  routed	  via	  a	  transport	  system	  with	  publish/subscribe	  semantics.	  Services:	  provides	  request/reply	  semantics	  for	  nodes	  to	  communicate.	  ROS	  Master	  provides	  name	  registration	  services	  for	  all	  ROS	  nodes,	  topics,	  and	  services.	  Nodes	  communicate	  with	  ROS	  Master	  to	  report	  their	  registration	  information	  and	  at	  same	  time	  receive	  other	  node’s	  registration	  information	  so	  that	  they	  can	  make	  connections	  appropriately.	  When	  two	  nodes	  want	  to	  connect	  to	  each	  other,	  the	  first	  node	  will	  look	  through	  the	  look-­‐up	  table	  in	  Master	  to	  find	  the	  location	  of	  the	  other	  node	  and	  then	  connect	  to	  the	  other	  node	  directly.	  There	  are	  two	  mechanisms	  for	  message	  transmission	  between	  ROS	  nodes.	  First	  semantic	  is	  many-­‐to-­‐many	  one-­‐way	  publish/subscribe	  mechanism.	  If	  one	  node	  wants	  to	  transfer	  same	  messages	  to	  multiple	  nodes,	  it	  can	  establish	  a	  specific	  topic	  and	  publish	  messages	  over	  that	  topic	  and	  other	  nodes	  are	  able	  to	  grab	  the	  message	  through	  subscribing	  that	  topic.	  The	  second	  mechanism	  is	  one-­‐to-­‐one	  two	  way	  remote	  procedure	  call	  (RPC)	  request/reply	  mechanism.	  If	  one	  node	  wants	  to	  call	  certain	  service	  from	  the	  other	  node,	  it	  can	  send	  a	  request	  to	  the	  other	  node.	  Once	  the	  other	  node	  received	  request,	  it	  will	  reply	  the	  node	  that	  sent	  request	  with	  certain	  service.	  	  
4.3.2	  ROS	  NODES	  In	  this	  section,	  we	  will	  discuss	  the	  software	  framework	  for	  our	  Micro-­‐rover,	  including	  a	  description	  of	  each	  of	  the	  ROS	  nodes	  and	  how	  they	  cooperate	  together	  to	  complete	  our	  driving	  and	  video	  streaming	  functionalities.	  As	  Figure	  38	  shows,	  the	  ROS	  graph	  consists	  of	  three	  kinds	  of	  nodes	  –	  Publisher,	  Subscriber,	  and	  Processing	  Node.	  The	  Publishers,	  red	  nodes,	  are	  ROS	  nodes	  that	  don’t	  subscribe	  to	  any	  topics	  established	  by	  other	  ROS	  nodes.	  Publisher	  nodes	  directly	  access	  to	  hardware	  (RoboVero	  PINs	  and	  USB)	  to	  grab	  and	  publish	  sensors	  data	  over	  ROS	  topics	  established	  by	  the	  publisher	  nodes.	  The	  Subscribers,	  green	  nodes,	  are	  ROS	  nodes	  that	  don’t	  establish	  or	  publish	  to	  any	  ROS	  topics.	  They	  simply	  subscribe	  to	  the	  topics	  established	  by	  processing	  nodes	  or	  publishers	  to	  get	  sensors	  information	  and	  visualize	  that	  information	  to	  the	  operator.	  	  The	  Processing	  Nodes,	  Blue,	  are	  ROS	  nodes	  that	  act	  as	  bridges	  between	  Publishers	  and	  Subscribers.	  The	  main	  function	  of	  Processing	  Nodes	  is	  to	  link	  the	  types	  of	  data	  the	  Publishers	  have	  to	  the	  types	  of	  data	  Subscribers	  need.	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Figure	  38:	  ROS	  Node	  Framework	  Figure	  38	  shows	  the	  ROS	  nodes	  running	  on	  Micro-­‐rover	  and	  Home	  Base	  computer,	  as	  well	  as	  how	  they	  communicate	  with	  each	  other	  through	  the	  primary	  rover	  (in	  this	  example	  ORYX	  2.0).	  The	  basic	  idea	  is	  that	  during	  operation,	  the	  Micro-­‐rover	  is	  able	  to	  compress	  the	  video	  images	  on	  board	  the	  Gumstix	  Overo,	  and	  send	  out	  as	  ROS	  messages	  across	  the	  primary	  rover	  to	  the	  Home	  Base	  computer.	  The	  Home	  Base	  computer	  can	  then	  decompress	  and	  visualize	  these	  ROS	  messages	  to	  operator	  giving	  the	  operator	  sight	  form	  the	  Micro-­‐rover.	  Similarly,	  robot_status,	  odometry,	  and	  slope	  nodes	  on	  the	  Micro-­‐rover	  will	  also	  send	  out	  ROS	  messages,	  which	  contain	  the	  Micro-­‐rover’s	  health	  situation	  through	  Topic	  introspection,	  rviz,	  and	  slope_view	  nodes.	  The	  Home	  Base	  computer	  is	  then	  able	  to	  visualize	  these	  messages.	  With	  video	  images	  and	  robot	  health	  information	  shown	  on	  screen	  of	  the	  Home	  Base	  computer,	  the	  operator	  can	  use	  an	  XBOX	  controller	  to	  send	  out	  a	  joy	  signal	  through	  a	  joy	  node	  on	  the	  Home	  Base	  computer	  to	  micro-­‐rover	  and	  the	  motor_driver	  node	  on	  micro-­‐rover	  is	  able	  to	  subscribe	  to	  the	  joy	  signal	  and	  control	  the	  two	  direct	  drive	  motors	  on	  the	  Micro-­‐rover	  accordingly.	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You	  might	  notice	  that	  there	  is	  no	  ROS	  node	  on	  Primary	  Robot	  in	  Figure	  38.	  However,	  it	  doesn’t	  mean	  that	  there	  are	  no	  ROS	  nodes	  running	  on	  Primary	  Robot.	  Instead,	  the	  Primary	  Robot	  may	  also	  run	  ROS	  on	  a	  Linux	  system	  (like	  ORYX	  2.0).	  The	  reason	  why	  we	  didn’t	  include	  ROS	  nodes	  running	  on	  the	  Primary	  Robot	  in	  this	  graph	  is	  that	  there	  is	  no	  interaction	  between	  ROS	  nodes	  on	  Micro-­‐rover,	  and	  Home	  Base	  computer,	  to	  ROS	  nodes	  on	  Primary	  Robot.	  We	  simply	  use	  the	  Primary	  Robot	  as	  a	  bridge	  to	  tunnel	  packets	  sent	  from	  the	  Micro-­‐rover	  to	  the	  Primary	  Robot,	  and	  then	  use	  a	  3G	  network	  between	  the	  Primary	  Robot	  and	  the	  Home	  Base	  computer.	  So	  the	  data	  packets	  sent	  from	  Micro-­‐rover	  on	  the	  Wi-­‐Fi	  network	  will	  be	  embedded	  in	  the	  packet	  of	  3G	  network	  and	  then	  the	  Home	  Base	  computer	  will	  be	  able	  to	  receive	  these	  packets	  which	  contain	  data	  from	  Micro-­‐rover,	  and	  vice	  versa.	  	  
Camera1394:	  Camera1394	  is	  a	  ROS	  node	  that	  provides	  a	  driver	  for	  IEEE	  1394	  IIDC	  standard	  digital	  cameras.	  It	  uses	  libdc1394	  library	  to	  access	  these	  devices.	  It	  publishes	  sensor_msgs/Image	  messages	  over	  camera/image_raw	  topic.	  The	  biggest	  advantage	  of	  this	  node	  is	  that	  it	  has	  the	  ability	  to	  change	  the	  value	  of	  camera	  parameters	  on	  the	  fly	  (see	  Figure	  39.)	  These	  parameters	  include	  camera	  resolution,	  frame	  rate,	  brightness,	  exposure	  and	  saturation.	  With	  this	  advantage,	  the	  Micro-­‐rover	  is	  able	  to	  trade-­‐off	  between	  resolution	  and	  frame	  rate	  at	  runtime	  with	  given	  bandwidth.	  Figure	  40	  shows	  an	  example	  of	  the	  camera	  resolution	  being	  changed.	  The	  default	  parameters	  we	  used	  for	  video	  streaming	  include	  a	  resolution	  640x480,	  and	  a	  frame	  rate	  of	  8	  frames	  per	  second.	  This	  allowed	  for	  smoother	  operation	  while	  still	  giving	  us	  a	  clear,	  color,	  and	  image.	  	  
Image_transport:	  Because	  the	  size	  of	  a	  640x480	  digital	  image	  is	  about	  4MB	  and	  the	  bandwidth	  of	  a	  typical	  Ad-­‐Hoc	  wireless	  network	  is	  about	  1.2MB,	  image	  compression	  is	  needed	  for	  low-­‐bandwidth	  image	  transport.	  The	  image_transport	  node	  provides	  a	  publisher	  and	  subscriber	  for	  images	  grabbed	  by	  the	  camera1394	  node.	  It	  supports	  transportation	  of	  images	  in	  low-­‐bandwidth,	  compressed,	  formats	  including	  JPEG	  and	  PNG.	  This	  is	  done	  by	  installing	  the	  compressed_image_transport	  package.	  
Figure	  39:	  camera1394	  node	  dynamic	  
reconfiguration	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Through	  testing,	  JPEG	  format	  gives	  us	  lower	  latency	  and	  better	  quality.	  Also,	  the	  operator	  can	  change	  the	  compression	  quality	  on	  the	  fly.	  If	  the	  operator	  wants	  to	  inspect	  something,	  he	  or	  she	  can	  increase	  the	  image	  quality.	  If	  the	  operator	  wants	  video	  streaming	  from	  micro-­‐rover	  to	  be	  more	  responsive,	  he	  or	  she	  is	  able	  to	  decrease	  the	  image	  quality	  to	  reduce	  the	  size	  of	  compressed	  images	  before	  transportation	  so	  that	  he	  or	  she	  can	  get	  more	  frames	  per	  second	  with	  the	  given	  bandwidth	  limit.	  
Republish:	  After	  the	  image_transport	  package	  has	  finished	  transferring	  the	  low-­‐bandwidth	  compressed	  raw	  images	  to	  the	  Home	  Base	  computer,	  the	  republish	  node	  will	  be	  used	  to	  decode	  these	  compressed	  images.	  It	  can	  either	  decode	  JPEG	  format	  or	  PNG	  format	  image	  messages	  to	  raw	  image	  messages	  for	  later	  processing.	  
Image_proc:	  The	  Point	  Grey	  Firefly	  MV	  camera	  is	  a	  Bayer-­‐filter	  camera,	  which	  generates	  Bayer	  pattern	  raw	  images.	  Because	  each	  pixel	  in	  Bayer	  pattern	  raw	  image	  is	  filtered	  to	  record	  only	  one	  of	  three	  colors,	  the	  data	  from	  each	  pixel	  cannot	  fully	  determine	  color	  on	  its	  own.	  To	  obtain	  a	  full-­‐color	  image,	  image_proc	  provides	  a	  demosaicing	  algorithm	  to	  interpolate	  a	  set	  of	  complete	  red,	  green	  and	  blue	  values	  for	  each	  point.	  So	  that	  it	  can	  convert	  raw	  images	  to	  color	  images	  for	  the	  image_view	  node.	  
Image_view:	  The	  image_view	  node	  subscribes	  to	  the	  camera/image_color	  topic	  which	  image_proc	  established	  to	  publish	  color	  image	  messages.	  It	  basically	  provides	  a	  simple	  window	  to	  visualize	  the	  image	  messages	  on	  the	  screen	  to	  a	  user.	  This	  package	  will	  be	  used	  as	  a	  plugin	  for	  the	  GUI	  package	  rqt	  (see	  rqt).	  
Topic	  introspection:	  	   Topic	  introspection	  is	  an	  rqt	  plugin	  that	  allows	  a	  user	  to	  subscribe	  to	  any	  published	  node.	  This	  is	  used	  to	  view	  many	  of	  the	  published	  nodes	  like	  robot_status.	  This	  plugin	  was	  is	  also	  used	  for	  debugging	  due	  to	  its	  ease	  of	  use	  and	  ability	  to	  view	  published	  topics	  without	  the	  need	  to	  write	  another	  ROS	  node	  subscribing	  to	  a	  topic.	  	  
Figure	  40:	  An	  example	  of	  the	  image	  resolution	  being	  dynamically	  configured	  from	  800x600(left)	  to	  640x480(right)	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Robot_status:	  Robot_status	  is	  used	  for	  reading	  sensor	  data	  received	  by	  the	  RoboVero	  and	  the	  custom	  PCB	  and	  sending	  publishing	  that	  to	  a	  Status_display	  topic.	  
Status_display	  (Topic):	  	   The	  status_display	  topic	  encompassed	  every	  sensor	  in	  a	  readable	  value	  as	  to	  allow	  operator	  to	  understand	  the	  Micro-­‐rovers	  vitals.	  This	  topic	  was	  subscribed	  to	  by	  the	  Topic	  Introspection	  plugin	  provided	  by	  rqt	  (see	  Topic	  introspection)	  
Odometry:	  	   The	  odometry	  node	  was	  used	  to	  calculate	  the	  dead	  reckoning	  for	  the	  Micro-­‐rover.	  These	  calculations	  can	  be	  seen	  in	  section.	  Once	  finial	  calculations	  where	  complete	  for	  the	  time	  interval	  they	  were	  published	  to	  a	  PoseStamped	  message	  and	  subscribed	  to	  by	  rviz	  (see	  rviz).	  
Rviz:	  	   Rviz	  is	  a	  visualization	  plugin	  provided	  by	  rqt.	  This	  plugin	  subscribes	  to	  the	  dead	  reckoning	  calculations	  done	  in	  the	  odometry	  node	  and	  provides	  a	  graph	  of	  the	  path	  traveled	  by	  the	  Micro-­‐rover.	  	  
Slope:	  	   The	  slope	  node	  does	  the	  calculations	  to	  provide	  the	  pitch	  and	  roll	  of	  the	  Micro-­‐rover	  during	  operation	  (see	  section	  4.3.4	  Slope	  Indicator).	  The	  pitch	  and	  roll	  angle	  is	  then	  published	  to	  a	  slope	  topic.	  	  
Slope_view:	  	   The	  slope_view	  node	  subscribes	  to	  a	  slope	  topic	  published	  by	  the	  slope	  node	  which	  contains	  the	  pith	  and	  roll	  angles	  of	  the	  Micro-­‐rover.	  The	  slope_view	  node	  then	  takes	  the	  angels	  provided	  by	  the	  slope	  topic	  and	  uses	  openCV	  to	  create	  a	  visualization	  of	  the	  current	  angle	  of	  the	  Micro-­‐rover.	  The	  openCV	  visualization	  of	  the	  pitch	  and	  roll	  of	  the	  Micro-­‐rover	  is	  not	  incorporated	  into	  the	  rqt	  GUI,	  but	  instead	  run	  along	  side	  the	  rqt	  GUI	  window	  to	  allow	  the	  operator	  to	  visualize	  the	  angles	  of	  the	  Micro-­‐rover	  (see	  section	  4.3.4	  Slope	  Indicator)	  	  
Joy:	  	   The	  joy	  node	  is	  a	  driver	  for	  any	  joystick	  that	  is	  supported	  by	  Linux.	  It	  publishes	  over	  a	  joy_signal	  topic	  with	  a	  joy	  message,	  which	  contains	  the	  current	  state	  of	  each	  one	  of	  the	  joysticks	  buttons	  and	  axes.	  
Joy_teleop:	  The	  joy_teleop	  package	  converts	  joy	  messages	  provided	  by	  the	  joy	  node	  to	  cmd_velocity	  messages,	  which	  contains	  left	  and	  right	  wheels	  spinning	  velocities	  on	  command_velocity	  topic.	  At	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first,	  we	  decided	  to	  use	  a	  tank	  drive	  system	  for	  the	  Micro-­‐rover	  so	  that	  a	  user	  is	  able	  to	  use	  two	  thumb	  sticks	  on	  the	  XBOX	  controller	  to	  directly	  control	  the	  speeds	  and	  directions	  of	  two	  corresponding	  wheels.	  Based	  on	  narrow	  moving	  space	  of	  axes,	  we	  decided	  to	  program	  two	  thumb	  sticks	  to	  correspond	  to	  the	  two	  wheels	  for	  exponential	  driving	  to	  make	  it	  easier	  for	  the	  user	  to	  drive	  at	  low	  speeds.	  The	  acceleration	  of	  wheel	  turning	  speed	  adds	  up	  as	  offset	  of	  axes	  increases.	  However,	  we	  realized	  that	  it	  was	  a	  difficult	  to	  drive	  the	  Micro-­‐rover	  in	  a	  straight	  line	  at	  low	  speeds	  using	  tank	  drive	  mode	  because	  of	  operator	  error	  it	  was	  hard	  to	  keep	  the	  two	  thumb	  sticks	  at	  the	  same	  place	  in	  reference	  to	  each	  other.	  This	  caused	  the	  spinning	  velocities	  of	  two	  wheels	  to	  be	  slightly	  different,	  causing	  a	  drift	  in	  the	  Micro-­‐rover.	  Because	  of	  operational	  problems	  at	  slow	  speeds	  we	  moved	  to	  a	  new	  control	  scheme	  on	  the	  XBOX	  controller.	  This	  new	  control	  scheme	  used	  5	  buttons	  and	  the	  left	  joystick	  to	  control	  the	  Micro-­‐rover	  (see	  Figure	  41).	  	  
	  
Figure	  41:	  XBOX	  controller	  function	  mapping	  The	  right	  four	  buttons	  on	  XBOX	  controller	  control	  the	  Micro-­‐rover	  to	  drive	  forward,	  backward,	  turn	  left	  and	  right	  at	  low	  speed.	  The	  left	  joystick	  can	  slightly	  change	  the	  spinning	  velocities	  of	  the	  left	  and	  right	  wheels	  while	  pushing	  the	  yellow	  button	  so	  that	  the	  operator	  can	  drive	  the	  Micro-­‐rover	  in	  a	  curve	  instead	  of	  just	  driving	  straightforward.	  The	  left	  bumper	  button	  can	  toggle	  maximum	  speed	  and	  low	  speed	  modes.	  The	  other	  exciting	  feature	  that	  this	  package	  provides	  is	  to	  dynamically	  change	  the	  maximum	  turning	  speed	  of	  the	  Micro-­‐rover	  (see	  Figure	  42).	  This	  feature	  gives	  operator	  flexibility	  to	  change	  the	  speed	  at	  runtime	  without	  recompiling	  the	  package.	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Motor_driver:	  The	  motor_driver	  package	  provides	  driver	  for	  two	  Maxon	  motor	  controllers.	  It	  subscribes	  to	  velocity	  topics	  in	  which	  joy_teleop	  package	  publishes	  angular	  and	  linear	  velocities	  messages.	  The	  RoboVero	  python	  library	  is	  wrapped	  with	  this	  package	  to	  provide	  interface	  to	  generate	  PWM	  and	  digital	  signals	  on	  the	  RoboVero.	  Thus,	  when	  the	  motor_driver	  package	  receives	  the	  angular	  and	  linear	  velocities	  messages,	  it	  will	  calculate	  the	  corresponding	  turning	  speeds	  and	  directions	  of	  two	  wheels	  and	  send	  corresponding	  digital	  signals	  to	  the	  Maxon	  motor	  controllers	  and	  PWM	  signals	  to	  Digital-­‐to-­‐Analog	  (DAC)	  converters	  on	  the	  custom	  PCB.	  The	  Maxon	  motor	  controllers	  listen	  to	  the	  digital	  signals	  and	  analog	  signals	  (converted	  by	  the	  DAC	  on	  the	  PCB)	  generated	  by	  the	  RoboVero	  to	  control	  the	  turning	  speeds	  and	  directions	  of	  the	  two	  wheels.	  
Rqt:	  	  The	  rqt	  node	  is	  the	  Graphic	  User	  Interface	  software	  built	  into	  the	  ROS	  framework.	  The	  rqt	  node	  comes	  with	  many	  different	  plugin	  that	  allow	  easy	  access	  to	  different	  information	  published	  throughout	  a	  ROS	  framework.	  Using	  this	  can	  easily	  visualize	  different	  pieces	  of	  information.	  We	  also	  can	  move	  different	  plugins	  around	  to	  allow	  the	  operator	  to	  set	  up	  the	  GUI	  however	  best	  fits	  that	  specific	  user.	  A	  visualization	  of	  rqt	  and	  plugin	  can	  be	  seen	  in	  section	  4.3.7	  Graphical	  User	  Interface.	  
4.3.3	  VISION	  SYSTEM	  Vision	  on	  the	  Micro-­‐rover	  is	  done	  using	  a	  HD	  USB	  camera	  in	  conjunction	  with	  the	  Overo/RoboVero,	  with	  final	  image	  processing	  completed	  on	  the	  Home	  Base	  computer.	  As	  Figure	  43	  shows,	  the	  camera	  is	  connected	  to	  the	  RoboVero	  board	  via	  USB,	  with	  the	  Overo	  connected	  to	  the	  RoboVero	  via	  dual	  70-­‐pin	  connector.	  The	  Overo	  interfaces	  with	  the	  camera	  using	  the	  ROS	  package	  camera1394.	  
	  
Figure	  43:	  Vision	  System	  Structure	  
4 *laptop not to scale
Figure	  42:	  joy_teleop	  node	  parameters	  dynamic	  reconfiguration	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Figure	  44	  shows	  ROS	  nodes	  related	  to	  vision	  system	  and	  how	  these	  nodes	  work	  together.	  Camera1394	  allows	  us	  to	  get	  a	  stream	  of	  raw	  images	  from	  the	  camera	  (3).	  The	  package	  also	  allows	  us	  to	  dynamically	  configure	  a	  number	  of	  camera	  parameters	  including	  image	  resolution	  and	  frame	  rate.	  The	  raw	  image	  stream	  that	  comes	  from	  the	  camera1394	  package	  is	  then	  compressed,	  on	  the	  Overo	  (1)	  using	  the	  ROS	  package	  image_transport.	  Image_transport	  takes	  the	  raw	  image	  stream	  from	  the	  camera,	  and	  compresses	  it	  using	  JPEG	  image	  compression.	  It	  then	  transmits	  the	  compressed	  image	  stream	  from	  the	  Overo,	  through	  an	  ad-­‐hoc	  wireless	  network,	  to	  the	  home	  base	  computer	  (4).	  The	  compressed	  stream	  is	  then	  decompressed,	  back	  into	  a	  raw	  image	  stream,	  on	  the	  computer	  using	  the	  image_transport.	  The	  computer	  then	  uses	  the	  ROS	  package	  image_proc	  to	  convert	  the	  raw	  images	  into	  color	  images	  that	  are	  then	  displayed	  to	  the	  user	  using	  the	  ROS	  package	  image_view.	  Currently	  the	  Micro-­‐rover	  provides	  a	  video	  stream	  at	  8	  frames	  per	  second	  with	  a	  resolution	  of	  640	  by	  480	  pixels.	  
	  
Figure	  44:	  ROS	  Nodes	  Graph	  for	  Vision	  System	  	  
4.3.4	  SLOPE	  INDICATOR	  	   One	  issue	  that	  we	  face	  when	  tele-­‐operating	  the	  Micro-­‐rover	  is	  the	  lack	  of	  perception	  with	  reference	  to	  the	  ground	  and	  more	  specifically,	  the	  slope	  we	  are	  climbing	  at.	  Because	  of	  these	  issues	  we	  have	  incorporated	  an	  on	  board	  slope	  indicator	  that	  will	  give	  both	  a	  visual	  representation	  of	  the	  angle	  the	  Micro-­‐rover	  is	  on	  as	  well	  as	  a	  numerical	  indication.	  	  	   To	  create	  this	  slope	  indicator,	  we	  used	  the	  IMU	  on	  the	  RoboVero.	  This	  included	  a	  gyroscope,	  accelerometer	  and	  magnetometer.	  The	  magnetometer	  was	  supposed	  to	  be	  used	  as	  a	  compass,	  however,	  after	  testing	  we	  found	  that	  the	  magnetometer	  gives	  inaccurate	  readings	  due	  to	  the	  proximity	  of	  the	  Overo	  when	  it	  is	  cradled	  in	  the	  RoboVero,	  and	  the	  proximity	  of	  the	  motors.	  Once	  we	  configured	  the	  necessary	  registers	  on	  the	  RoboVero	  to	  give	  us	  readings	  from	  the	  gyroscope	  and	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the	  accelerometer,	  we	  were	  able	  to	  get	  the	  acceleration	  and	  the	  angular	  velocity.	  From	  there	  we	  used	  simple	  trig	  to	  get	  the	  rotation	  along	  an	  axis.	  	  When	  just	  using	  the	  accelerometer	  we	  used	  the	  following	  equation	  to	  calculate	  the	  pitch	  of	  the	  Micro-­‐rover.	  
𝑃𝑖𝑡𝑐ℎ  𝐴𝑛𝑔𝑙𝑒 = −𝑎𝑟𝑐𝑇𝑎𝑛 𝑧𝑥 ∗ 180𝜋 + 90	  When	  trying	  to	  get	  the	  angle	  to	  be	  represented	  correctly	  on	  the	  visuals	  we	  ended	  up	  having	  to	  add	  90°	  as	  to	  make	  sure	  the	  Micro-­‐rover	  was	  represented	  at	  the	  correct	  starting	  angle	  where	  the	  RoboVero	  was	  horizontal.	  	  	   After	  implementing	  the	  slope	  detection	  with	  just	  the	  accelerometer	  we	  found	  that	  the	  calculated	  angle	  suffered	  inaccuracies	  when	  there	  were	  vibrations,	  but	  no	  change	  in	  slope.	  We	  found	  that	  due	  to	  the	  fact	  that	  accelerometer	  was	  using	  measurements	  based	  on	  g-­‐forces,	  shaking	  the	  IMU	  would	  alter	  the	  accelerometer’s	  readings	  and	  be	  perceived	  as	  slopes	  of	  extreme	  angles.	  	  By	  incorporating	  readings	  from	  the	  gyroscope,	  we	  were	  able	  to	  increase	  the	  accuracy	  of	  the	  slope	  readings.	  To	  do	  this	  we	  got	  the	  angular	  velocity	  measured	  by	  the	  gyroscope.	  With	  this	  we	  also	  incorporated	  a	  variable,	  u,	  which	  decides	  which	  sensor	  to	  favor.	  	  	  
𝐺𝑦𝑟𝑜 + 𝐴𝑐𝑐𝑒𝑙  𝐴𝑛𝑔𝑙𝑒  (𝐺𝐴𝐴) = 1 − 𝑢 ∗ 𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠𝑒  𝐺𝐴𝐴 + . 01 ∗ 𝑃𝑖𝑡𝑐ℎ  𝐴𝑛𝑔𝑙𝑒 ∗ 180𝜋   	  The	  variable	  ‘u’	  represents	  the	  weight	  that	  the	  readings	  from	  the	  gyroscope	  have	  over	  the	  accelerometer	  when	  calculating	  the	  angle.	  For	  example	  if	  u	  =	  1	  then	  only	  the	  gyroscope	  would	  be	  used,	  but	  if	  u	  =	  0	  then	  only	  the	  accelerometer.	  We	  ended	  up	  using	  u	  =	  .15	  because	  this	  gave	  us	  the	  most	  stable	  reading	  when	  encountering	  excessive	  shaking.	  	  	   Once	  the	  slope	  is	  received	  and	  calculated	  from	  the	  accelerometer	  and	  gyroscope	  we	  created	  a	  visual	  representation	  of	  the	  angle	  of	  the	  Micro-­‐rover	  so	  the	  operator	  can	  easily	  see	  what	  angle	  the	  Micro-­‐rover	  is	  at,	  both	  pitch	  and	  roll.	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Figure	  45:	  Slope	  Visualization	  of	  micro-­‐rover	  through	  Slope	  node	  To	  easily	  view	  the	  images	  we	  used	  openCV	  to	  draw	  the	  visualization	  of	  the	  angles.	  The	  images	  in	  Figure	  45	  would	  rotate	  about	  the	  green	  bar	  to	  represent	  the	  pitch	  or	  roll	  of	  the	  Micro-­‐rover.	  	  
4.3.5	  DEAD	  RECKONING	  	   With	  two	  robots	  trying	  to	  complete	  a	  single	  mission	  objective,	  it	  is	  essential	  to	  find	  a	  way	  to	  cooperate	  between	  each	  other.	  For	  this	  we	  created	  a	  dead	  reckoning	  system	  using	  the	  Hall	  effect	  sensors	  that	  are	  embedded	  in	  the	  Maxon	  motors	  (section	  4.2.1	  Drive	  Module	  and	  Motors).	  Using	  the	  RPM	  analog	  outputs	  of	  the	  Maxon	  motor	  controllers	  we	  were	  able	  to	  create	  a	  system	  that	  would	  tell	  the	  operator	  where	  the	  Micro-­‐rover	  was	  in	  respect	  to	  starting	  position.	  To	  create	  this	  system	  we	  needed	  to	  calculate	  many	  variables.	  These	  included	  velocity,	  acceleration,	  distance,	  and	  angle.	  Using	  the	  RPM	  provided	  by	  the	  Maxon	  motor	  controller	  we	  were	  able	  to	  calculate	  the	  required	  pieces	  to	  keep	  track	  of	  the	  Micro-­‐rovers	  location.	  	  	   The	  first	  step	  was	  to	  calculate	  the	  velocity	  in	  meters	  per	  second.	  To	  do	  this	  we	  used	  the	  following	  equation:	   	  RPM	  +	  π	  +	  (diameter	  of	  wheel)=	  Velocity	  in	  m/s	  	  This	  equation	  allowed	  us	  to	  find	  the	  velocity	  of	  each	  individual	  wheel.	  By	  keeping	  track	  of	  the	  previous	  velocity	  and	  calculating	  the	  new	  velocity	  and	  using	  the	  difference	  in	  time	  between	  the	  two	  velocity	  measurements	  we	  were	  able	  to	  calculate	  acceleration	  for	  each	  individual	  wheel.	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  With	  acceleration	  we	  could	  then	  calculate	  the	  distance	  that	  each	  wheel	  had	  traveled.	  
	  	  After	  now	  having	  calculated	  the	  distance	  that	  each	  wheel	  has	  traveled	  in	  the	  given	  time	  interval	  we	  can	  calculate	  where	  the	  Micro-­‐rover	  has	  moved	  in	  a	  2D	  x	  and	  y	  plane	  with	  a	  heading	  of	  θ	  (theta).	  	  	  
    	  With	  theta	  calculated	  we	  were	  able	  to	  calculate	  both	  the	  x	  and	  y	  position.	  
  	  By	  adding	  the	  current	  x,	  y,	  and	  𝜃	  to	  the	  existing	  x,	  y,	  and	  𝜃  we	  can	  update	  our	  position	  relative	  to	  the	  previous	  location.	  	  	   After	  computations	  were	  complete	  we	  needed	  to	  visualize	  the	  data	  of	  the	  dead	  reckoning	  system.	  Rqt	  comes	  with	  many	  helpful	  plugin’s	  for	  visualization	  and,	  because	  of	  this,	  we	  decided	  to	  use	  a	  pre-­‐programed	  plugin	  instead	  of	  using	  our	  own.	  After	  exploration	  we	  decided	  to	  use	  the	  plugin,	  add-­‐on,	  Rviz	  (see	  section	  	  4.3.2	  ROS	  Nodes)	  to	  do	  the	  mapping.	  This	  had	  the	  capabilities	  to	  make	  an	  adjustable	  graph	  size	  as	  well	  as	  overlay	  the	  graph	  on	  top	  of	  an	  image.	  To	  be	  able	  to	  use	  rviz	  we	  needed	  to	  send	  the	  data	  in	  a	  message	  format	  that	  the	  rqt	  plugin.	  Rviz,	  could	  read,	  and	  therefore	  use	  to	  make	  a	  graph	  of	  the	  
Figure	  46:	  PoseStamped	  Hierarchy	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Micro-­‐rovers	  heading,	  x,	  and	  y	  location.	  Originally	  we	  used	  a	  message	  type	  Pose2D	  which	  consisted	  of	  a	  theta	  (for	  heading),	  x,	  and	  y.	  This	  message	  type	  worked,	  however,	  it	  was	  not	  a	  message	  type	  rviz	  could	  interpret	  or	  read.	  Instead	  we	  used	  a	  message	  type	  called	  PoseStamped	  which	  included	  many	  fields.	  These	  fields	  are	  broken	  down	  in	  a	  hierarchy	  Figure	  46	  under	  the	  header	  section	  we	  have	  a	  sequence	  ID,	  time	  stamp,	  and	  frame	  id,	  none	  of	  these	  sections	  are	  used	  in	  our	  application	  so	  we	  set	  these	  to	  0.	  In	  the	  Pose	  section,	  we	  set	  x	  to	  be	  or	  x	  position,	  and	  y	  to	  be	  our	  y	  position,	  again	  z	  is	  not	  used	  and	  set	  to	  zero.	  Lastly,	  the	  quaternion	  section	  is	  broken	  down	  into	  x,	  y,	  z,	  and	  w.	  Because	  we	  do	  not	  have	  a	  theta	  we	  use	  the	  y	  and	  the	  w	  to	  represent	  our	  theta.	  This	  is	  done	  with	  the	  following	  equations.	  
𝑤 = cos 𝜃2   𝑦 = sin 𝜃2 	  	   With	  all	  the	  information	  we	  need	  being	  published	  to	  the	  correct	  message	  type	  we	  can	  then	  use	  Topic	  Introspection	  to	  view	  the	  output	  of	  the	  dead	  reckoning	  system.	  	  
	  
Figure	  47:	  Published	  PoseStamped	  topic	  to	  rqt	  plugin	  Topic	  Introspection	  In	  Figure	  47	  we	  see	  an	  example	  output	  of	  the	  PoseStamped	  message	  published	  to	  the	  Topic	  Introspection	  in	  the	  rqt	  plugin.	  This	  is	  a	  screenshot	  when	  the	  Micro-­‐rover	  has	  just	  been	  started	  and	  has	  not	  moved.	  The	  x	  and	  y	  values	  in	  the	  position	  subheading	  are	  shown	  in	  meters.	  This	  would	  indicate	  that	  the	  Micro-­‐rover	  has	  not	  moved	  much.	  Also	  in	  the	  orientation	  section	  for	  y	  and	  w,	  we	  can	  see	  that	  the	  values	  are	  also	  small.	  These	  small	  values	  would	  indicate	  that	  the	  Micro-­‐rover	  thinks	  that	  the	  its	  heading	  is	  close	  to	  0	  degrees	  which	  is	  accurate.	  	  
4.3.6	  ROBOT	  MONITOR	  	   The	  robot	  monitor	  is	  a	  simple	  application	  that	  will	  relay	  all	  the	  robot	  status	  information	  to	  the	  operator.	  This	  information	  is	  used	  to	  let	  the	  operator	  understand	  how	  the	  robot	  is	  doing	  and	  allows	  the	  operator	  to	  see	  if	  any	  system	  might	  be	  in	  danger.	  This	  is	  done	  through	  a	  variety	  of	  
	   46	  
sensors	  from	  both	  the	  Maxon	  motors,	  and	  external	  sensors	  placed	  in	  the	  Micro-­‐rover’s	  chassis.	  	  	   There	  were	  many	  sensors	  that	  were	  used	  for	  keeping	  track	  of	  the	  Micro-­‐rovers	  status.	  These	  sensors	  included:	  
• Battery	  voltage	  sensor:	  used	  to	  see	  how	  much	  available	  power	  is	  remaining	  
• Ambient	  temperature:	  used	  to	  see	  what	  the	  temperature	  is	  inside	  the	  Micro-­‐rover	  chassis	  
• Battery	  temperature:	  used	  to	  see	  the	  battery’s	  external	  temperature	  is	  
• Left	  motor	  temperature:	  Provided	  by	  Maxon	  controller	  to	  visualize	  internal	  motor	  temperature.	  	  
• Right	  motor	  temperature	  	  Every	  sensor	  was	  read	  through	  our	  custom	  PCB	  and	  fed	  into	  the	  RoboVero	  through	  an	  analog	  signal	  pin.	  From	  there	  it	  is	  read	  into	  the	  robot_status	  node,	  where	  some	  simple	  calculations	  from	  an	  analogue	  value	  to	  a	  readable	  value	  were	  calculated,	  then	  published	  to	  a	  status	  node	  (see	  section	  4.3.2	  ROS	  Nodes).	  This	  published	  node	  was	  then	  subscribed	  to	  by	  the	  rqt	  graphical	  user	  interface	  (see	  section	  4.3.7	  Graphical	  User	  Interface),	  and	  outputted	  for	  the	  operator	  to	  be	  able	  to	  see	  and	  monitor	  during	  normal	  operation.	  	  
	  
Figure	  48:	  Robot	  sensor	  output	  in	  a	  rqt	  plugin	  	   Figure	  48	  shows	  the	  output	  of	  the	  robot	  status	  system	  by	  outputting	  the	  computed	  sensor	  information	  to	  an	  rqt	  plugin	  called	  Topic	  Introspection.	  We	  took	  this	  screenshot	  when	  we	  had	  just	  started	  up	  the	  Micro-­‐rover	  in	  a	  room	  at	  73°	  F,	  this	  corresponds	  to	  about	  22.78°	  C.	  The	  temperature	  sensors	  on	  the	  battery,	  left	  motor,	  right	  motor,	  and	  the	  ambient	  temperature	  all	  seem	  to	  be	  within	  a	  range	  of	  about	  ±  .3𝐶°.	  	  
4.3.7	  GRAPHICAL	  USER	  INTERFACE	  The	  graphical	  user	  interface	  (GUI),	  shown	  in	  Figure	  49,	  was	  done	  using	  rqt,	  a	  ROS	  node	  that	  implements	  QT,	  which	  is	  a	  C++	  user	  interface	  tool.	  Rqt	  is	  a	  GUI	  with	  allows	  you	  to	  change	  the	  interface	  of	  the	  GUI	  on	  the	  fly.	  With	  this	  we	  are	  able	  to	  upload	  and	  pass	  the	  information	  from	  the	  other	  packages,	  such	  as	  the	  slope	  indicator,	  odometry,	  robot	  monitor,	  and	  camera	  feed,	  directly	  into	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rqt.	  From	  the	  rqt	  user	  interface	  (UI)	  the	  operator	  can	  arrange	  and	  choose	  to	  view	  or	  hide	  the	  information	  necessary	  for	  operation.	  	  
	  
Figure	  49:	  User	  Interface	  
4.3.8	  COMMUNICATIONS	  	   The	  WPI	  micro-­‐rover	  is	  designed	  to	  communicate	  over	  an	  IEEE	  802.11	  wireless	  network.	  During	  rover	  testing,	  this	  is	  done	  through	  an	  ad-­‐hoc	  connection	  with	  the	  home	  base	  computer;	  however	  the	  rover	  is	  designed	  to	  connect	  directly	  to	  a	  primary	  rover.	  In	  this	  network	  configuration,	  data	  including	  video	  feed,	  sensor	  feedback	  and	  control	  signals	  are	  transmitted	  between	  the	  primary	  rover	  and	  the	  Micro-­‐rover.	  From	  the	  primary	  rover,	  data	  is	  then	  transmitted	  to	  the	  control	  location.	  This	  infrastructure	  is	  shown	  in	  the	  Figure	  50.	  
	   48	  
	  
Figure	  50:	  Communications	  Infrastructure	  In	  a	  real	  world	  application,	  IEEE	  802.11	  could	  still	  be	  used	  effectively	  to	  communicate	  between	  the	  primary	  rover	  and	  the	  Micro-­‐rover,	  providing	  a	  limited	  range	  of	  operation	  for	  the	  Micro-­‐rover	  (our	  specifications	  are	  150m	  from	  primary	  rover).	  The	  primary	  rover	  would	  then	  communicate	  data	  to	  the	  control	  station	  on	  the	  S-­‐band,	  allowing	  for	  larger	  range	  but	  also	  requiring	  a	  larger	  transmitter	  power.	  This	  is	  a	  benefit	  of	  this	  infrastructure,	  which	  allows	  the	  Micro-­‐rover	  to	  operate	  free	  of	  heavier,	  high	  power	  transmission	  equipment	  required	  in	  space	  rovers.	  	  To	  simulate	  this	  interaction,	  a	  4G	  network	  will	  be	  used	  on	  ORYX	  2.0,	  simulating	  S-­‐Band	  communication.	  	  A	  wireless	  signal	  identical	  to	  the	  current	  network	  on	  the	  Micro-­‐rover	  will	  then	  be	  used	  to	  communicate	  with	  ORYX	  2.0.	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5.0	  MICRO-­‐ROVER	  TESTING	  AND	  VALIDATION	  	   	  	   Multiple	  tests	  were	  preformed	  to	  verify	  that	  our	  rover	  meets	  all	  specifications	  outlined	  in	  the	  Problem	  Description	  section.	  Each	  test	  validates	  an	  aspect	  of	  the	  design,	  and	  was	  performed	  in	  a	  manner	  that	  is	  repeatable.	  5.1	  SPEED	  TESTS	  To	  test	  the	  maximum	  speed	  of	  the	  Micro-­‐rover,	  we	  used	  a	  stopwatch	  to	  time	  the	  robot	  driving	  at	  its	  maximum	  speed	  over	  a	  distance	  of	  10	  meters.	  We	  selected	  a	  carpeted	  hallway	  and	  marked	  out	  a	  length	  of	  10	  meters.	  The	  micro-­‐rover	  was	  placed	  approximately	  a	  meter	  behind	  the	  starting	  line	  to	  ensure	  that	  it	  would	  reach	  its	  maximum	  speed	  before	  crossing	  the	  start.	  It	  was	  driven	  in	  a	  straight	  line	  down	  the	  course.	  The	  stopwatch	  was	  started	  as	  the	  robot	  crossed	  the	  starting	  line	  and	  was	  stopped	  when	  the	  robot	  crossed	  the	  finish.	  This	  test	  was	  repeated	  three	  times.	  	  Test	  no.	   Time	  to	  drive	  10	  m	  1	   9.52s	  2	   9.43s	  3	   9.47s	  	  
Table	  4:	  Speed	  Test	  Data	  This	  gave	  us	  an	  average	  operating	  speed	  of	  1.056m/s,	  or	  roughly	  1m/s	  (meeting	  our	  design	  specifications).	  5.2	  DROP	  TESTING	  To	  verify	  that	  the	  rover	  could	  survive	  the	  0.25	  m	  drop,	  as	  it	  did	  in	  simulations,	  we	  dropped	  the	  fully	  assembled	  micro-­‐rover	  from	  a	  measured	  height	  of	  0.25	  m.	  We	  also	  drove	  the	  Micro-­‐rover	  off	  of	  ORYX	  2.0’s	  base	  plate,	  which	  is	  approximately	  0.25	  cm	  above	  ground	  level.	  An	  image	  of	  the	  measured	  drop	  test	  is	  shown	  in	  Figure	  51.	  
This	  test	  was	  a	  success,	  and	  was	  repeated	  multiple	  times	  with	  no	  failures.	  The	  rover	  was	  never	  drop-­‐tested	  from	  heights	  over	  .25m	  however,	  to	  prevent	  accidental	  damage	  to	  system	  components.	  5.3	  SELF-­‐RIGHTING	  To	  test	  the	  Micro-­‐rover’s	  ability	  to	  right	  itself	  when	  tipped	  over,	  we	  placed	  the	  fully	  assembled	  
Figure	  51:	  Drop	  Tests	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rover	  in	  a	  variety	  of	  positions	  and	  attempted	  to	  right	  the	  rover’s	  orientation	  without	  physically	  interacting	  with	  it.	  This	  was	  done	  through	  drive	  testing,	  and	  not	  as	  an	  individual	  experiment.	  The	  rationale	  behind	  this	  type	  of	  testing	  was	  to	  experimentally	  determine	  all	  possible	  scenarios	  in	  which	  the	  rover	  would	  be	  incapable	  of	  self-­‐righting.	  	  	  	  	  	  	  	  	  	  When	  the	  rover	  is	  on	  flat	  ground,	  it	  can	  passively	  right	  itself.	  This	  process	  is	  illustrated	  in	  Figure	  52,	  where	  the	  Micro-­‐rover	  is	  driven	  down	  a	  hill	  into	  a	  position	  where	  it	  is	  resting	  backwards	  and	  on	  its	  side.	  Upon	  coming	  to	  rest,	  the	  rover	  is	  level	  on	  flat	  ground	  and	  drivable.	  	  5.4	  Slope	  Tests	  The	  rover’s	  ability	  to	  climb	  slopes	  was	  evaluated	  using	  the	  following	  methodology:	  1. Measure	  slope	  of	  outdoor	  hill	  with	  a	  protractor	  (as	  shown	  in	  Figure	  53)	  that	  is	  approximately	  30⁰.	  	  2. Start	  rover	  1m	  from	  hill,	  then	  accelerate	  to	  maximum	  speed	  and	  allow	  the	  rover	  to	  climb	  hill	  3. Repeat	  to	  verify	  
Figure	  52:	  Self-­‐Righting	  Motion	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Figure	  53:	  Slope	  Measurement	  Tool	  In	  this	  test,	  the	  rover	  successfully	  climbed	  the	  hill	  with	  the	  given	  specifications.	  	  The	  test	  was	  also	  performed	  without	  the	  1m	  starting	  distance,	  and	  the	  rover	  torque	  satisfied	  the	  needs	  of	  directly	  climbing	  the	  hill.	  The	  rover	  was	  also	  tested	  at	  a	  higher	  slope	  (the	  exact	  angle	  was	  not	  measured).	  The	  findings	  suggested	  that	  the	  rover	  is	  limited	  primarily	  by	  traction	  rather	  than	  motor	  torque.	  	  5.5	  OBSTACLES	  The	  rover	  was	  tested	  to	  ensure	  its	  ability	  to	  climb	  5cm	  step	  obstacles,	  as	  well	  as	  10cm	  round	  obstacles.	  The	  5cm	  step	  obstacle	  was	  first	  simulated	  in	  a	  laboratory	  setting,	  using	  5cm	  wood	  blocks.	  This	  was	  then	  replicated	  outdoors	  by	  repeating	  the	  experiment	  with	  a	  6cm	  brick	  shard.	  Finally,	  a	  10cm	  round	  obstacle	  was	  made	  out	  of	  a	  dirt	  mound.	  This	  was	  measured	  from	  ground	  level	  to	  the	  crest.	  The	  tests	  were	  considered	  successful	  if	  the	  rover	  could	  traverse	  the	  obstacle	  in	  any	  one	  of	  the	  following	  three	  ways:	  
• One	  wheel	  over	  obstacle	  (see	  Figure	  54)	  
• Two	  wheels	  over	  obstacle	  
• Chassis	  over	  obstacle	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Figure	  54:	  6cm	  brick	  obstacle	  with	  one	  wheel	  Both	  tests	  were	  successful,	  further	  validating	  the	  design	  for	  this	  specification.	  	  5.6	  POWER	  CONSUMPTION	  In	  order	  to	  determine	  the	  power	  use	  and	  properties	  of	  our	  rover,	  we	  performed	  multiple	  tests.	  	  This	  was	  particularly	  important	  as	  we	  rely	  only	  on	  a	  single	  power	  source	  for	  mobility	  and	  computation.	  	  
5.6.1	  LAB	  TESTING	  The	  first	  tests	  of	  our	  power	  consumption	  involved	  testing	  multiple	  scenarios	  in	  a	  lab	  situation.	  The	  battery	  was	  disconnected	  from	  the	  Custom	  PCB,	  and	  replaced	  with	  a	  power	  supply	  replicating	  the	  battery	  voltage.	  The	  current	  draw	  of	  the	  Micro-­‐rover	  was	  measured	  under	  multiple	  loads.	  This	  procedure	  can	  be	  replicated	  using	  these	  steps:	  1. Place	  rover	  on	  stand	  so	  wheels	  are	  free	  to	  move	  2. Disconnect	  rover	  power	  from	  modular	  PCB	  connection	  3. Measure	  battery	  output	  voltage	  with	  digital	  multi-­‐meter	  4. Connect	  power	  input	  of	  rover	  PCB	  to	  external	  power	  supply	  5. Switch	  on	  power	  supply,	  then	  rover	  power	  switch	  6. Connect	  to	  control	  interface	  on	  home	  base	  computer	  over	  add-­‐hock	  network	  7. Disable	  rover	  wheels	  8. Record	  current	  draw	  from	  power	  supply	  9. Spin	  motors	  on	  maximum	  speed	  (no	  load)	  10. Record	  current	  draw	  from	  power	  supply	  11. Place	  rover	  on	  pre-­‐built	  30deg	  slope	  and	  drive	  motors	  12. Record	  current	  draw	  from	  power	  supply	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After	  preforming	  these	  steps,	  we	  the	  following	  results	  were	  obtained:	  Battery	  Voltage=	  12.3V	  (near	  minimum	  operational	  charge)	  
Table	  5:	  Power	  Test	  Data	  	   Voltage	   Current	   Power	  Electronics	  &	  Computation	  Only	   12.3V	   .41A	   5.043W	  Motor	  Maximum	  Speed	  No	  Load	   12.3V	   .84A	   10.332W	  Motor	  on	  30deg	  Slope*	   12.3V	   1.89A	   23.247W	  	  
*NOTE:	  During	  this	  test,	  the	  30°	  slope	  measurements	  may	  have	  been	  inaccurate	  due	  to	  power	  cable	  
lengths.	  Rover	  was	  notable	  to	  accelerate	  completely	  up	  incline.	  	  
5.6.2	  FIELD	  TESTING	  In	  an	  effort	  to	  test	  the	  power	  systems	  in	  the	  most	  complete	  manner	  possible,	  the	  systems	  were	  tested	  on	  the	  rover	  platform	  running	  from	  the	  battery	  while	  preforming	  field	  tests.	  The	  two	  methods	  this	  was	  done	  are	  as	  follows:	  
Full	  Functionality	  Testing	  1. Charge	  the	  rover	  battery	  supply	  to	  13.4V	  (until	  battery	  draws	  less	  then	  .2A	  charge	  current)	  2. Switch	  on	  the	  rover	  and	  connect	  to	  wireless	  network	  3. Connect	  to	  wireless	  ad-­‐hoc	  network	  4. Start	  timer	  5. Perform	  other	  field	  tests	  (without	  stopping	  for	  great	  length	  of	  time)	  6. Wait	  for	  rover	  to	  stop	  responding	  or	  drive	  abnormally	  7. Stop	  timer	  
Continuous	  Drive	  Testing	  1. Charge	  the	  rover	  battery	  supply	  to	  13.4V	  (until	  battery	  draws	  less	  then	  .2A	  charge	  current)	  2. Switch	  on	  the	  rover	  (rover	  spins	  in	  place	  by	  default)	  3. Start	  timer	  4. Wait	  for	  rover	  to	  stop	  responding	  or	  	  5. Stop	  timer	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The	  results	  of	  these	  tests	  are	  shown	  in	  Table	  6:	  
Table	  6:	  Run	  Time	  Data	  Test	   Time	  Full	  Functionality	  Testing	   1h33m	  Continuous	  Drive	  Testing	   2h5m	  In	  both	  tests,	  the	  first	  failure	  mode	  of	  the	  rover	  was	  the	  motor	  controller.	  This	  would	  manifest	  as	  a	  loss	  of	  power	  to	  one	  of	  the	  two	  motors,	  preventing	  the	  rover	  to	  be	  easily	  drivable.	  After	  approximately	  50sec,	  the	  other	  motor	  would	  then	  lose	  power.	  	  5.7	  RANGE	  TESTING	  The	  range	  of	  the	  rover	  was	  tested	  by	  driving	  the	  rover	  in	  a	  straight	  line	  until	  reception	  was	  lost	  to	  the	  camera	  feed	  and	  control	  modules.	  This	  was	  done	  to	  validate	  two	  functions,	  the	  absolute	  maximum	  line	  of	  sight	  range	  for	  the	  rover,	  as	  well	  as	  the	  rover’s	  ability	  to	  reconnect	  to	  a	  wireless	  network.	  The	  range	  was	  later	  verified	  by	  marking	  landmarks	  on	  Google	  maps,	  as	  shown	  in	  Figure	  55.	  
	  
Figure	  55:	  Rover	  Range	  Capability	  Test	  The	  maximum	  range	  of	  the	  rover	  was	  155m,	  and	  the	  rover	  proved	  capable	  of	  reconnecting	  to	  the	  network	  once	  it	  was	  brought	  back	  into	  range	  by	  hand.	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5.8	  SLOPE	  DETECTION	  SYSTEM	  To	  test	  the	  slope	  detection	  system	  we	  needed	  a	  way	  to	  compare	  the	  physical	  angle	  of	  the	  RoboVero,	  to	  that	  calculated	  based	  on	  the	  IMU	  data	  received	  from	  the	  RoboVero.	  To	  do	  this	  we	  created	  a	  system	  to	  measure	  the	  physical	  angle	  and	  compared	  those	  measurements	  to	  the	  angle	  calculated	  by	  the	  slope	  detection	  system.	  The	  testing	  apparatus	  we	  used	  was	  protractor	  with	  a	  weighted	  string	  attached	  to	  the	  center	  as	  shown	  in	  Figure	  56.	  	  
	  
Figure	  56:	  RoboVero	  Angle	  Measuring	  Device	  With	  this	  setup	  we	  could	  measure	  the	  pitch	  or	  roll	  of	  the	  RoboVero.	  We	  attached	  the	  protractor	  to	  the	  base	  of	  the	  RoboVero	  and	  rotated	  to	  a	  known	  angle,	  then	  recorded	  the	  difference	  between	  the	  physical	  angle	  and	  the	  displayed	  angle	  on	  the	  program.	  From	  there	  we	  could	  see	  any	  error	  between	  angle	  calculated	  by	  the	  slope	  detection	  program	  and	  the	  actual	  angle.	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Figure	  57:	  Rotation	  about	  the	  pitch	  axis	  To	  test	  pitch,	  the	  RoboVero	  was	  rotated	  to	  an	  angle	  of	  25°	  around	  the	  pitch	  axis	  as	  shown	  is	  Figure	  57	  (would	  represent	  a	  25°	  uphill	  slope	  in	  reference	  to	  Micro-­‐rover.)	  While	  the	  Robovero	  was	  at	  set	  angle	  we	  took	  a	  screen	  shot	  of	  the	  computer	  running	  the	  slope	  view	  program	  as	  well	  as	  the	  Topic	  Introspection	  of	  the	  angles	  provided	  by	  the	  slope	  detection	  system	  as	  seen	  in	  Figure	  58.	  We	  received	  an	  angle	  of	  25.28°	  with	  the	  slope	  detection	  software.	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Figure	  58:	  Slope	  detection	  system	  output	  for	  pitch	  test	  	  We	  then	  repeated	  the	  previous	  steps	  around	  the	  roll	  axis	  of	  the	  RoboVero,	  as	  seen	  in	  Figure	  59,	  again	  placing	  the	  angle	  at	  25°.	  	  
	  
Figure	  59:	  Rotation	  about	  the	  roll	  axis	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The	  screen	  shot	  of	  the	  system	  output	  can	  be	  seen	  in	  Figure	  60.	  We	  received	  an	  angle	  of	  24.94°	  from	  the	  slope	  detection	  system	  for	  our	  roll	  test.	  	  
	  
Figure	  60:	  Slope	  detection	  system	  output	  for	  roll	  test	  	  	   After	  completing	  the	  testing	  of	  the	  Slope	  Detection	  system	  we	  received	  the	  results	  shown	  in	  Table	  7.	  	  Measured	  Angle	   Slope	  Detection	  Software	  Output	   Rotation	  Axis	  25±	  .5°	   25.28°	   Pitch	  25±	  .5°	   24.94°	   Roll	  
Table	  7:	  Slope	  Detection	  Test	  Results	  As	  we	  can	  see	  from	  Table	  7,	  the	  slope	  detection	  software	  came	  very	  close	  to	  measuring	  the	  angle	  precisely.	  However	  because	  of	  the	  imprecise	  physical	  measurement	  of	  the	  angle	  we	  were	  not	  able	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to	  get	  an	  accurate	  reading	  of	  the	  actual	  angle	  the	  protractor	  was	  position	  to.	  However	  we	  feel	  as	  if	  we	  were	  able	  to	  measure	  the	  angle	  to	  about	  ±5°.	  	  5.9	  COMPUTER	  PROBLEMS	  AND	  ERRORS	  	  	   During	  the	  course	  of	  our	  project	  we	  encountered	  multiple	  problems	  related	  to	  the	  selected	  computer	  hardware.	  These	  were	  discovered	  during	  the	  development	  of	  the	  rover,	  and	  were	  addressed	  as	  the	  issues	  arose.	  This	  section	  will	  explore	  some	  of	  the	  problems	  we	  faced	  and	  how	  these	  problems	  were	  addressed.	  	   Through	  the	  project,	  the	  Overo	  FE	  had	  to	  be	  replaced	  once,	  and	  the	  RoboVero	  had	  to	  be	  replaced	  seven	  times.	  The	  reasons	  for	  failure	  included:	  
• Human	  Error:	  The	  computer	  and	  breakout	  boards	  are	  not	  enclosed	  by	  a	  casing,	  which	  increases	  the	  fragility	  of	  the	  system.	  One	  Overo,	  and	  two	  of	  the	  RoboVeros	  were	  mishandled,	  and	  suffered	  electrical	  damage.	  Replacements	  had	  to	  be	  purchased	  
• Power	  regulator	  defects:	  During	  the	  course	  of	  the	  project,	  it	  was	  discovered	  that	  a	  known	  issue	  caused	  the	  power	  regulator	  on	  some	  RoboVeros	  to	  emit	  an	  audible	  buzzing	  noise	  before	  failing	  completely.	  Two	  of	  our	  RoboVeros	  experienced	  this	  issue,	  and	  were	  replaced	  under	  the	  warranty.	  	  
• Undiagnosed	  issues:	  Two	  additional	  RoboVeros	  did	  not	  power	  up	  and	  function	  correctly.	  The	  root	  causes	  of	  these	  issues	  were	  never	  discovered.	  These	  boards	  were	  replaced	  under	  warranty.	  	  
• IMU	  Failure:	  The	  last	  RoboVero,	  currently	  in	  use	  on	  the	  Micro-­‐rover,	  crashes	  if	  any	  attempt	  is	  made	  to	  access	  the	  onboard	  IMU.	  It	  is	  unknown	  if	  this	  error	  was	  related	  to	  the	  sensors	  or	  firmware.	  	  During	  the	  project,	  the	  manufacture	  released	  a	  revision	  to	  the	  RoboVero	  that	  resolved	  the	  issue	  related	  to	  the	  power	  regulator.	  The	  manufacturer	  communicated	  these	  changes	  and	  replaced	  the	  faulty	  hardware.	  	  Another	  Issue	  stemming	  from	  the	  RoboVero	  included	  the	  analog	  inputs	  on	  the	  RoboVero.	  The	  RoboVero	  did	  not	  display	  the	  analog	  voltage	  signals	  sent	  from	  the	  motor	  controllers	  to	  the	  RoboVero,	  which	  were	  verified	  by	  an	  external	  voltmeter,	  correctly.	  This	  introduced	  error	  in	  the	  dead-­‐reckoning	  system.	  	  Other	  issues	  remained	  undiagnosed,	  indicating	  the	  possible	  unreliability	  of	  this	  system.	  Due	  to	  the	  inconsistencies	  in	  operations	  exhibited	  by	  the	  RoboVero,	  features	  such	  as	  the	  slope	  detection	  and	  telemetry	  were	  proved	  to	  function,	  but	  incapable	  of	  operation	  in	  the	  final	  system.	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5.10	  ADDITIONAL	  RESULTS	  During	  the	  testing	  and	  validation	  of	  other	  rover	  features,	  several	  additional	  issues	  arose.	  These	  results	  are	  detailed	  in	  this	  section,	  and	  include	  tail	  maneuverability	  issues	  and	  tail	  structural	  issues.	  
5.10.1	  TAIL	  MOBILITY	  ISSUES	  Through	  extensive	  field-­‐testing	  of	  the	  initial	  prototype,	  we	  found	  that	  the	  tail	  can	  get	  stuck	  when	  rotating	  or	  reversing	  in	  wet	  or	  heavy	  soil.	  If	  needed,	  upon	  quick	  acceleration	  in	  forward	  direction	  (see	  Figure	  61),	  the	  tail	  will	  lift	  out	  allowing	  one	  to	  dislodge	  the	  tail	  from	  potential	  pinch	  hazards.	  This	  experiment	  can	  be	  repeated	  by	  lodging	  the	  tail	  by	  hand	  into	  wet	  or	  heavy	  soil,	  allowing	  the	  tail	  to	  dig	  in	  approximately	  1in.	  into	  the	  ground’s	  surface.	  The	  rover	  can	  then	  be	  driven	  forward	  with	  maximum	  power	  giving	  to	  both	  drive	  motors,	  at	  which	  point	  the	  tail	  will	  dislodge	  itself.	  
	  
Figure	  61:	  Side	  view	  of	  Micro-­‐rover	  	   	   In	  certain	  scenarios,	  when	  an	  obstacle	  exists	  in	  front	  of	  the	  rover,	  its	  ability	  to	  extract	  itself	  is	  severely	  limited.	  Also,	  in	  the	  event	  that	  the	  rover	  gets	  stuck	  due	  to	  a	  tail	  issue,	  it	  can	  be	  difficult	  for	  the	  driver	  to	  diagnose	  given	  the	  restricted	  field	  of	  view	  of	  the	  camera.	  
5.10.2	  TAIL	  STRUCTURAL	  ISSUES	  In	  addition	  to	  this	  testing,	  it	  was	  discovered	  that	  the	  tail	  material	  was	  not	  capable	  of	  handling	  some	  of	  the	  stresses	  that	  occur	  while	  driving.	  This	  was	  an	  issue	  in	  two	  separate	  cases:	  during	  a	  drop	  test	  and	  while	  spinning.	  Because	  these	  errors	  occurred	  over	  camera	  feed	  with	  limited	  visual	  contact	  with	  the	  rover,	  it	  is	  difficult	  to	  replicate	  these	  cases	  in	  any	  detail.	  The	  consistency	  between	  both	  cases	  is	  the	  failure	  point,	  directly	  at	  the	  edge	  of	  the	  mounting	  hardware.	  This	  can	  be	  seen	  in	  the	  Figure	  62.	  
Forward	   Tail	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Figure	  62:	  Tail	  Failure	  Point	  5.11	  TESTING	  SUMMARY	  As	  shown	  in	  5.0	  Micro-­‐Rover	  Testing	  and	  Validation,	  the	  Micro-­‐rover	  was	  tested	  as	  a	  system	  to	  validate	  the	  completion	  of	  the	  design	  goals.	  A	  summary	  of	  these	  tests	  is	  shown	  in	  Table	  8	  and	  Table	  9.	  Some	  simpler	  tests	  are	  shown	  only	  here,	  and	  do	  not	  warrant	  a	  devoted	  section.	  
Table	  8:	  Mechanical	  Test	  Summary	  
Deliverable	   Test	   Result	  Rover	  will	  Drive	  at	  1m/s	   Time	  over	  10m	  straight	  line	  	   1.056m/s	  Rover	  will	  climb	  30deg	  incline	   Test	  on	  hill	  or	  at	  NERVE	  Center	   Capable	  of	  driving	  up	  hill	  in	  controlled	  manner	  Rover	  will	  self-­‐right	  from	  any	  angle	  (not	  in	  Robo-­‐Ops)	   Test	  in	  Multiple	  Configurations	   Successful	  on	  flat	  ground	  Interchangeable	  Wheels	   NA	   Complete	  Fall	  from	  .25m	  in	  earth	  gravity	  (landing	  at	  any	  angle)	   Preform	  multiple	  .25m	  drop	  tests	  and	  check	  for	  damage	   No	  failure	  at	  specified	  distance	  Rover	  Mass	  will	  not	  exceed	  2.5kg	   Weigh	  rover	   2.71Kg	  Rover	  will	  climb	  5cm	   Test	  by	  driving	  over	  5cm	  wood	   Complete	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step/sheer	  obstacle	   block	  Rover	  will	  climb	  10cm	  ramp/round	  obstacle	   Test	  by	  driving	  over	  10cm	  rock	   Complete	  Fits	  with	  ORYX	  2.0	  size	  constraints	  (1mx1mx.5m)	  and	  is	  deployable	   Measure	  while	  mu-­‐rover	  is	  in	  deployment	  locations.	  Verify	  that	  mu-­‐rover	  can	  separate	  from	  ORYX	  2.0	  Platform	  
Complete	  (not	  with	  roll	  bars)	  
Will	  have	  tail	  for	  hill	  climbing	  and	  camera	  stabilization	   NA	   Complete	  	  
	  
Table	  9:	  Software	  and	  Electronic	  Test	  Summary	  
Deliverable	   Test	   Result	  Will	  have	  slope	  detection	  on	  pitch	  and	  role	  with	  visualization	   Compare	  software	  slope	  with	  actual	  slope	  (using	  protractor)	   Complete	  Will	  have	  odometry	  system	  with	  visual	  aid	  (from	  IMU	  and	  Encoder	  Data).	  Adequate	  accuracy	  for	  localization.	  
Test	  drift	  over	  varying	  run	  times,	  as	  well	  as	  specific	  paths.	  Compare	  real	  position	  with	  odometry	  position.	  
Code	  written,	  issues	  communicating	  with	  RoboVero	  
Will	  have	  speed	  on	  GUI	   Compare	  with	  timed	  speed	   Complete	  Will	  have	  Temperature	  Sensors	  on	  GUI	  for:	  
• Internal	  Temp	  
• Battery	  Temp	  
• Motor	  1	  
• Motor	  2	  	  
Will	  boot	  at	  room	  temperature	  and	  compare	  initial	  values.	   Complete,	  temperatures	  fluctuate	  more	  than	  expected	  (+-­‐2C)	  due	  to	  noise	  
Camera	  has	  resolution	  of	  640p	  and	  compression	  (JPEG	  1mb/s)	   NA	   Complete	  Frame	  Rate	  of	  10	  F/S	   NA	   Complete,	  15F/S	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Communicates	  camera	  and	  control	  through	  wireless	  network	   NA	   Complete	  Rover	  will	  operate	  for	  1h	   Operate	  rover	  for	  1h	  under	  normal	  conditions	   Complete	  Wireless	  will	  communicate	  within	  50m	  (line	  of	  sight).	   Test	  video	  streaming	  and	  driving	  outdoors.	  	   Complete,	  155m	  with	  control	  and	  camera	  feedback	  Reestablish	  wireless	  connection	  if	  lost	   Drive	  out	  of	  wireless	  range,	  then	  move	  closer	  and	  reconnect	   Complete	  Runs	  ROS	  Groovy	  and	  Linaro	  OS	   NA	   Complete	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6.0	  DISCUSSION	  	   During	  our	  tests,	  discoveries	  were	  made	  providing	  feedback	  to	  modifications	  and	  iterations	  of	  our	  rover	  design.	  	  This	  also	  provided	  data	  on	  which	  to	  base	  a	  conclusion	  on	  the	  outcome	  of	  our	  project,	  as	  well	  as	  its	  uses	  and	  applications.	  6.1	  TESTING	  CONCLUSIONS	  	   During	  our	  testing,	  multiple	  failure	  points	  and	  rover	  shortcomings	  became	  clear.	  Section	  hopes	  to	  highlight	  these	  cases	  and	  propose	  solutions,	  as	  well	  as	  possible	  testing	  errors.	  	  
6.1.1	  TAIL	  MOUNT	  Perhaps	  the	  most	  dramatic	  failure	  of	  our	  rover	  during	  testing	  was	  the	  fracture	  of	  the	  tail	  along	  the	  aluminum	  housing.	  This	  was	  cause	  by	  the	  high	  torque	  experienced	  during	  impacts	  while	  driving.	  Several	  solutions	  were	  proposed	  to	  solve	  this	  issue,	  including:	  
• Shortening	  the	  tail	  to	  reduce	  torque	  load	  
• Mounting	  tail	  in	  more	  compliant	  housing	  
• Replacing	  tail	  with	  aluminum	  rod	  
• Replacing	  tail	  with	  compliant	  solid	  core	  carbon	  fiber	  rod	  Because	  the	  drive	  dynamic	  had	  been	  verified	  to	  work	  with	  the	  given	  tail	  positioning	  and	  mounting,	  the	  first	  and	  second	  options	  were	  eliminated	  to	  ensure	  proper	  driving	  abilities.	  The	  weight	  of	  an	  aluminum	  tail	  was	  considered	  to	  be	  too	  heavy	  for	  the	  Micro-­‐rover	  application,	  especially	  considering	  current	  weight	  test	  results.	  Because	  of	  this,	  a	  solid	  core	  compliant	  carbon	  fiber	  rod	  was	  chosen	  as	  the	  tail	  solution.	  
6.1.2	  TAIL	  MANEUVERABILITY	  ISSUES	  	   In	  several	  scenarios	  (described	  in	  testing	  section),	  the	  tail	  was	  shown	  to	  hinder	  the	  Micro-­‐rover’s	  movement.	  This	  was	  due	  to	  the	  tail	  sticking	  in	  moist	  or	  heavy	  soil.	  Because	  the	  driver	  has	  limited	  visibility,	  this	  can	  be	  an	  issue	  making	  turns	  or	  during	  complex	  maneuvers.	  To	  minimize	  this,	  a	  solution	  was	  developed	  involving	  the	  use	  of	  a	  foam	  ball	  at	  the	  end	  of	  the	  tail.	  This	  simple	  solution	  aided	  in	  driving,	  and	  minimized	  the	  possibility	  of	  the	  rover	  tail	  sticking	  in	  the	  ground.	  
6.1.3	  WEIGHT	  REDUCTION	  	   As	  shown	  in	  our	  results,	  the	  rover	  was	  weighed	  and	  shown	  to	  be	  2.7kg,	  differing	  from	  the	  predicted	  2.5kg.	  This	  is	  likely	  due	  to	  a	  miscalculation	  in:	  
• Weight	  of	  screws	  and	  mounting	  hardware	  
• Epoxy	  resin	  and	  glass	  balls	  (not	  factored	  in	  on	  weight	  analysis)	  
• Battery	  Connecters	  and	  wiring	  To	  solve	  this	  issue,	  multiple	  possibilities	  were	  taken	  into	  consideration,	  including:	  
• Chassis	  Reconstruction	  and	  Thinning	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• Carbon	  Fiber	  Chassis	  
• Groove	  Pattern	  in	  Tread	  Material	  The	  final	  design	  decision	  was	  to	  manufacture	  the	  chassis	  out	  of	  carbon	  fiber	  plate,	  bringing	  the	  rover	  weight	  to	  approximately	  2.44Kg,	  depending	  on	  exact	  carbon	  fiber	  material	  used.	  This	  is	  due	  to	  the	  limited	  test	  data	  proving	  the	  functionality	  of	  modifying	  the	  traction,	  as	  well	  as	  the	  risk	  of	  under-­‐supporting	  the	  chasses.	  	  
6.1.4	  ROBOVERO	  CONNECTION	  ISSUES	  	   Connections	  with	  the	  Gumstix	  RoboVero	  caused	  many	  issues	  when	  reading	  values	  from	  the	  Analog	  to	  Digital	  Converter.	  The	  most	  notable	  problem	  came	  from	  the	  dead	  reckoning	  system	  where	  RPM	  values	  sent	  from	  the	  Maxon	  motor	  controller	  were	  inconsistent	  once	  read	  by	  the	  RoboVero.	  This	  caused	  the	  dead	  reckoning	  system	  to	  produce	  faulty	  results	  when	  the	  Maxon	  motor	  controllers	  were	  plugged	  into	  the	  RoboVero.	  However,	  when	  we	  used	  other	  analog	  sources,	  like	  a	  potentiometer,	  the	  values	  produced	  by	  the	  dead	  reckoning	  system	  were	  correct.	  	  
6.1.5	  FUTURE	  WORK	  AND	  RECOMMENDATIONS	  	   If	  in	  the	  future,	  if	  another	  team	  continues	  this	  project,	  we	  have	  a	  few	  suggestions	  that,	  due	  to	  time	  and	  budgetary	  conflicts,	  we	  could	  not	  implement.	  The	  Gumstix	  Overo	  and	  RoboVero	  is	  a	  system	  that	  seems	  to	  have	  all	  the	  necessary	  components	  and	  hardware	  necessary	  to	  complete	  the	  task	  outlined	  in	  this	  MQP.	  However,	  due	  to	  poor	  quality	  control	  and	  testing,	  they	  have	  a	  poor	  lifespan	  and	  have	  a	  tendency	  to	  break	  under	  normal	  operating	  conditions.	  We	  would	  suggest	  changing	  to	  another	  on-­‐board	  computation	  system.	  One	  suggestion	  is	  to	  use	  a	  Raspberry	  Pi	  system.	  The	  Raspberry	  Pi	  is	  not	  intended	  to	  be	  used	  for	  image	  processing,	  however	  with	  up	  to	  1	  GHz	  of	  CPU,	  ease	  of	  use,	  and	  ability	  to	  integrate	  quickly	  and	  easily	  with	  many	  digital	  and	  analog	  signals	  Raspberry	  Pi	  would	  be	  a	  much	  easier	  system	  to	  use	  and	  integrate	  with	  Linux	  and	  ROS.	  	  6.2	  PROJECT	  OUTCOME	  	  	   With	  the	  exception	  of	  unforeseen	  shortcomings	  involved	  with	  the	  weight	  requirements,	  our	  rover	  is	  capable	  of	  completing	  all	  design	  requirements	  original	  specified	  by	  our	  project	  goals.	  The	  rover	  is	  robust	  and	  stable,	  and	  has	  proven	  to	  be	  a	  valid	  solution	  to	  our	  design	  challenge.	  	  	   As	  an	  extension	  of	  this	  project,	  this	  rover	  will	  compete	  alongside	  ORYX	  2.0	  during	  this	  year’s	  Robo-­‐Ops	  competition	  (see	  2.4	  NASA	  ROBO-­‐OPS).	  	  6.3	  DELIVERABLES	  The	  deliverables	  for	  the	  Micro-­‐rover	  Project	  include	  a	  micro-­‐rover	  capable	  of	  completing	  testing	  requirements	  (See	  Problem	  Description),	  a	  MQP	  project	  report,	  MQP	  poster	  presentation,	  documents	  and	  presentations	  specified	  by	  NASA	  Robo-­‐Ops	  competition.	  Deliverables	  for	  the	  Micro-­‐Rover	  Project	  also	  include	  any	  test	  data	  gathered	  during	  design	  verification	  process.	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7.0	  SOCIAL	  IMPLICATIONS	  	   In	  addition	  to	  serving	  the	  function	  of	  a	  support	  micro-­‐rover	  on	  extraterrestrial	  missions,	  the	  WPI	  Micro-­‐rover	  project	  serves	  various	  roles	  in	  aiding	  modern	  societal	  challenges.	  These	  challenges	  include	  funding	  changes	  in	  space	  exploration,	  gaps	  in	  human	  robot	  interaction	  testing	  and	  interest	  in	  STEM	  fields	  among	  children.	  7.1	  CHANGING	  ROLE	  OF	  GOVERNMENT	  IN	  SPACE	  EXPLORATION	  	   A	  combination	  of	  factors	  in	  the	  beginning	  of	  the	  21st	  century	  has	  led	  to	  a	  decline	  in	  public	  funds	  in	  the	  space	  industry.	  The	  primary	  factors	  involved	  have	  been	  lack	  of	  political	  interest	  by	  members	  of	  congress,	  relaxing	  pressure	  from	  global	  powers	  such	  as	  the	  Soviet	  Union	  and	  China,	  and	  economic	  and	  deficit	  issues	  within	  the	  United	  States	  (Handberg	  1996).	  This	  decline	  in	  public	  spending	  (clearly	  shown	  in	  Figure	  63)	  on	  space	  exploration	  demands	  lower	  cost	  technologies,	  such	  as	  lightweight	  payloads	  and	  inexpensive	  spacecraft.	  This	  is	  the	  gap	  the	  WPI	  Micro-­‐Rover	  Project	  plans	  to	  fill,	  providing	  an	  inexpensive	  platform	  that	  can	  be	  deployed	  in	  space	  at	  a	  limited	  cost.	  	  	   The	  current	  government	  plan,	  to	  compensate	  for	  lower	  spending	  in	  space	  technology	  development	  and	  space	  exploration,	  is	  to	  move	  these	  industries	  into	  the	  private	  sector.	  The	  current	  plan	  from	  the	  White	  House	  Administration	  budget	  comity	  is	  to	  “embrace	  new	  partnerships	  with	  the	  commercial	  space	  industry”	  (Branch	  2013).	  	  This	  includes	  investments	  in	  companies	  such	  as	  Astrobotic	  (with	  whom	  this	  project	  is	  loosely	  affiliated)	  and	  Space	  X,	  which	  will	  aid	  NASAs	  mission	  by	  developing	  new,	  less	  expensive	  technologies	  and	  methods	  for	  reaching	  low	  earth	  orbit	  as	  well	  as	  preform	  proof	  of	  concept	  missions	  in	  the	  fields	  of	  extraterrestrial	  space	  exploration.	  This	  funding	  will	  come	  from	  sources	  typically	  used	  to	  fund	  public	  NASA	  research,	  as	  well	  as	  funding	  from	  Small	  Business	  Innovation	  Research	  (SBIR)	  initiatives	  (Board	  2012).	  	  	   To	  aid	  in	  this	  transition	  to	  the	  private	  sector,	  the	  WPI	  Micro-­‐rover	  hopes	  to	  fill	  these	  social	  gaps	  by	  acting	  as	  the	  following:	  
• Proof	  of	  Concept	  for	  Lightweight	  Rover	  Platforms	  
• Proof	  of	  Concept	  of	  Low-­‐Cost	  Space	  System	  for	  Extraterrestrial	  Exploration	  
• Proof	  of	  Concept	  for	  Two	  Rover	  System	  to	  Increase	  Exploration	  Effectiveness	  and	  Efficiency	  	  	  	  	  
Figure	  63:	  NASA	  Budget	  History	  (Peterson	  2013)	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7.2	  HUMAN	  ROBOT	  INTERACTION	  TEST	  PLATFORM	  Human	  robot	  interaction	  is	  the	  study	  of	  how	  humans	  and	  robots	  interact	  through	  communication	  (Schultz	  and	  Goodrich	  2007).	  The	  primary	  role	  of	  the	  study	  of	  human	  robot	  interaction	  involves	  humans	  interacting	  with	  robots	  in	  the	  physical	  world	  (physical	  communication).	  To	  a	  lesser	  extent,	  the	  field	  of	  human	  robot	  interaction	  includes	  how	  a	  single	  robot	  interacts	  with	  a	  single	  operator	  or	  external	  user	  through	  software	  (software	  communication).	  A	  clear	  gap	  in	  this	  research,	  however,	  is	  how	  a	  single	  operator	  system	  interacts	  with	  another	  single	  operator	  system	  in	  the	  physical	  world.	  	  This	  represents	  an	  interesting	  dynamic,	  involving	  physical	  communication	  between	  the	  two	  operators,	  the	  two	  robots,	  as	  well	  as	  software	  communication	  between	  each	  robot	  and	  its	  corresponding	  operator.	  	  This	  communication	  flow	  is	  shown	  in	  the	  Figure	  64,	  with	  solid	  lines	  representing	  physical	  communication	  and	  dotted	  lines	  representing	  software	  communication.	  	  	  	  	  	  	  The	  testing	  done	  in	  this	  project	  with	  ORYX	  2.0	  working	  alongside	  the	  Micro-­‐rover	  provides	  an	  example	  of	  the	  testing	  that	  could	  be	  done	  using	  this	  platform.	  Through	  a	  more	  extensive	  study	  of	  peoples	  behaviors	  when	  interacting	  between	  these	  two	  systems,	  as	  well	  as	  the	  communication	  between	  operators,	  more	  can	  be	  learned	  about	  this	  field	  of	  human	  robot	  interaction	  and	  its	  application	  in	  space	  missions.	  	  7.3	  OUTREACH	  	   To	  provide	  public	  awareness	  of	  robotic	  space	  exploration	  missions	  and	  goals,	  as	  well	  as	  foster	  interest	  in	  science,	  technology,	  engineering	  and	  mathematics	  (STEM)	  fields	  among	  children	  and	  the	  public,	  our	  project	  team	  has	  participated	  in	  multiple	  public	  outreach	  events.	  These	  events	  include	  a	  Camp	  Reach	  event,	  the	  University	  of	  Massachusetts,	  display	  at	  the	  Smithsonian	  Museum,	  and	  the	  Cambridge	  Science	  Festival.	  	   	  Our	  first	  STEM	  outreach	  program	  was	  the	  Camp	  Reach	  Reunion	  event.	  This	  involved	  a	  brief	  presentation	  
Robot	  1	   Robot	  2	  
User	  1	   User	  2	  
Figure	  64:	  Human	  Robot	  Interaction	  Diagram	  
Figure	  65:	  ORYX	  Team	  at	  Smithsonian	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at	  a	  camp	  reunion	  for	  a	  program	  aimed	  at	  the	  encouragement	  of	  young	  female	  students	  in	  science	  and	  engineering	  fields.	  This	  program	  is	  reverent	  in	  modern	  society	  due	  to	  the	  lack	  of	  female	  students	  pursuing	  careers	  in	  science	  and	  technology	  within	  the	  United	  States.	  According	  to	  a	  study	  published	  by	  the	  National	  Science	  Foundation,	  Females	  now	  fill	  only	  27%	  of	  US	  jobs	  in	  science	  and	  engineering	  fields,	  a	  figure	  which	  has	  increased	  little	  since	  a	  similar	  pole	  was	  done	  in	  the	  1990’s,	  showing	  only	  23%	  females	  in	  the	  same	  fields	  (Board	  2012).	  This	  is	  a	  concern,	  due	  to	  much	  higher	  increases	  in	  women	  working	  in	  other	  non-­‐STEM	  fields.	  	  	   The	  ORYX	  team	  at	  WPI	  also	  participated	  in	  a	  brief	  trip	  to	  the	  University	  of	  Massachusetts	  (UMASS).	  This	  was	  done	  to	  foster	  relationships	  between	  student	  teams,	  as	  well	  as	  between	  the	  two	  universities.	  It	  was	  hoped	  that	  this	  cooperation	  could	  aid	  in	  future	  cooperation	  between	  the	  two	  schools,	  including	  the	  use	  of	  the	  new	  NERVE	  center	  at	  UMASS	  for	  rover	  testing.	  	   To	  continue	  to	  aid	  public	  awareness	  of	  the	  importance	  of	  robotics	  in	  space	  exploration,	  our	  rover	  was	  displayed	  alongside	  the	  ORYX	  2.0	  platform	  at	  the	  Smithsonian	  National	  Air	  and	  Space	  Museum	  (see	  Figure	  65).	  This	  event,	  held	  during	  national	  robotics	  week,	  shows	  applications	  for	  robotics	  in	  space	  exploration,	  but	  also	  makes	  the	  public	  aware	  of	  how	  private	  organizations	  can	  participate	  in	  the	  development	  of	  space	  exploration	  technologies.	  	  	   A	  final	  way	  our	  project	  team	  demonstrated	  involvement	  in	  public	  events	  was	  our	  participation	  in	  Robot	  Zoo	  pictured	  in	  Figure	  66.	  Robot	  Zoo	  was	  an	  event	  held	  as	  part	  of	  the	  Cambridge	  Science	  Festival	  held	  at	  MIT,	  and	  demonstrated	  the	  many	  applications	  of	  robotics	  as	  well	  as	  existing	  robotics	  technologies.	  Many	  corporations	  as	  well	  as	  two	  other	  universities	  were	  present	  at	  this	  event,	  and	  presented	  to	  an	  audience	  consisting	  primarily	  of	  children	  and	  interested	  adults	  in	  the	  Cambridge	  area.	  It	  was	  hoped	  that	  this	  interaction	  would	  foster	  increased	  interest	  in	  robotics	  fields,	  as	  well	  as	  inform	  the	  public	  about	  our	  projects	  role	  in	  research	  of	  space	  exploration	  technologies.	  During	  this	  presentation,	  our	  team	  demonstrated	  the	  operation	  of	  our	  rover	  over	  a	  video	  feed,	  showing	  how	  a	  micro-­‐rover	  can	  be	  used	  alongside	  the	  ORYX	  2.0	  rover	  (also	  present).	  	  	  
Figure	  66:	  Cambridge	  Science	  Festival	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8.0	  TIMELINE	  The	  Micro-­‐rover	  project	  is	  a	  one	  academic	  year	  project.	  In	  WPI,	  there	  are	  four	  terms	  every	  academic	  year	  –	  A,	  B,	  C,	  D	  terms	  and	  we	  made	  a	  plan	  for	  each	  term.	  The	  timeline	  of	  our	  progress	  can	  be	  seen	  in	  Table	  10:	  Project	  Timeline.	  During	  A	  term,	  we	  produced	  a	  project	  proposal,	  defined	  mission	  goals,	  decided	  on	  rover	  specifications,	  and	  did	  mechanical,	  electrical	  and	  software	  preliminary	  designs.	  In	  B	  term,	  we	  completed	  preliminary	  design	  review,	  built	  our	  first	  prototype	  chassis	  and	  made	  some	  design	  revisions	  based	  on	  our	  prototyping.	  In	  C	  term,	  we	  created	  the	  second	  chassis	  prototype,	  and	  created	  our	  first	  prototype	  wheels.	  We	  also	  wirelessly	  interfaced	  with	  the	  computer,	  wrote	  software	  for	  streaming	  video	  from	  the	  camera,	  and	  wrote	  the	  software	  to	  drive	  the	  motors.	  Field-­‐testing	  began,	  and	  led	  to	  the	  finalized	  design.	  The	  final	  chassis	  was	  fabricated	  and	  assembled	  at	  the	  end	  of	  C	  term.	  In	  D	  term	  we	  fabricated	  our	  final	  wheel	  design	  and	  assembled	  the	  complete	  rover.	  We	  continued	  field	  test	  the	  Micro-­‐rover,	  and	  wrote	  software	  for	  slope	  detection	  and	  odometry.	  	  
Table	  10:	  Project	  Timeline	  	  
	   	  
Task	  
A	  Term	  
(08/27/12-­‐10/11/12)	  
B	  Term	  	  
(10/23/12-­‐12/13/12)	  
C	  Term	  
	  (01/10/13-­‐03/01/13)	  
D	  Term	  
(03/11/13-­‐05/30/13)	  
Problem	  Description	   	  	   	  	   	  	   	  	  
Project	  Proposal	   	  	   	  	   	  	   	  	  
Component	  selection	   	  	   	  	   	  	   	  	  
Rover	  Design	   	  	   	  	   	  	   	  	  
Preliminary	  Design	  Review	   	  	   	  	   	  	   	  	  
Chassis	  Prototypes	   	  	   	  	   	  	   	  	  
Wheel	  Prototypes	   	  	   	  	   	  	   	  	  
Wireless	  Networking	   	  	   	  	   	  	   	  	  
Video	  Streaming	   	  	   	  	   	  	   	  	  
Driving	  Software	   	  	   	  	   	  	   	  	  
Field-­‐Testing	   	  	   	  	   	  	   	  	  
Final	  Chassis	   	  	   	  	   	  	   	  	  
Final	  Wheels	   	  	   	  	   	  	   	  	  
Slope	  Detection	   	  	   	  	   	  	   	  	  
Odometry	   	  	   	  	   	  	   	  	  
Full	  Rover	  Assembled	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APPENDIX	  A:	  ROBO-­‐OPS	  REQUIREMENTS	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APPENDIX	  B:	  DETAILS	  OF	  WHEEL	  DESIGN	  PROCESS	  AND	  SIMULATION	  First,	  the	  deflection	  of	  the	  spoke	  plate	  was	  tested	  for	  various	  geometries.	  This	  is	  important	  not	  only	  to	  measure	  the	  stress	  on	  the	  plate	  to	  assure	  structural	  integrity,	  but	  also	  to	  ensure	  that	  deflection	  in	  the	  plate	  does	  not	  lead	  to	  flexibility	  in	  the	  wheels	  resulting	  in	  driving	  and	  telemetry	  issues.	  
	  
Figure	  67:	  Stress	  (Left),	  Deflection	  (Right)	  	   When	  the	  forces	  are	  applied	  as	  shown	  in	  the	  simulation	  in	  Figure	  67,	  the	  greatest	  stresses	  appear	  around	  the	  hub	  and	  at	  the	  outer	  nodes	  of	  the	  spokes.	  The	  least	  amount	  of	  stress	  is	  along	  the	  outside	  rim	  as	  well	  as	  in	  the	  center	  of	  the	  spokes.	  This	  indicates	  that	  less	  material	  is	  required	  in	  the	  spokes	  (meaning	  that	  the	  spokes	  could	  be	  modified	  to	  be	  smallest	  in	  the	  center).	  As	  can	  be	  seen	  in	  the	  deflection	  simulation,	  however,	  the	  greatest	  amount	  of	  deflection	  occurred	  along	  the	  spokes,	  with	  the	  largest	  absolute	  deflection	  near	  the	  hub.	  To	  decrease	  this	  effect,	  spokes	  with	  constant	  width	  were	  chosen	  as	  the	  best	  compromise	  between	  stress	  and	  deflection.	  	   Because	  the	  absolute	  deflection	  at	  the	  hub	  was	  still	  too	  great	  (shown	  in	  red	  in	  Figure	  67),	  4	  ribs	  were	  added	  perpendicular	  to	  the	  load	  direction	  to	  share	  loading	  and	  decrease	  deflection	  on	  the	  wheel.	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Figure	  68:	  Rib	  Stress	  (left)	  and	  deflection	  (right)	  The	  ribs	  were	  then	  simulated,	  as	  shown	  in	  Figure	  68,	  and	  proved	  their	  ability	  to	  handle	  required	  loads	  with	  minimal	  strain	  or	  deflection.	  When	  secured	  firmly	  to	  the	  spokes	  with	  a	  continuous	  epoxy	  joint	  along	  the	  spokes	  length,	  these	  structures	  should	  relive	  the	  spokes	  loading	  and	  handle	  the	  stress	  in	  the	  carbon	  fibers	  optimum	  loading	  direction.	  	  To	  verify	  this	  combination,	  the	  entire	  wheel	  was	  simulated	  in	  reaction	  to	  a	  deflection	  force	  at	  the	  hub.	  This	  result	  is	  shown	  in	  Figure	  69	  and	  Figure	  70,	  and	  makes	  clear	  benefit	  of	  adding	  ribs	  for	  support.	  
	  
Figure	  69:	  No	  Ribs	  
	  
Figure	  70:	  With	  Ribs	  
	   75	  
	  Because	  one	  of	  the	  requirements	  of	  the	  wheel	  will	  be	  to	  handle	  the	  drop	  test	  from	  .25m	  in	  earth’s	  gravity,	  each	  wheel	  was	  simulated	  to	  test	  its	  capability	  to	  absorb	  the	  forces	  calculated	  in	  the	  following	  equations.	  𝐼𝑛𝑠𝑡𝑎𝑛𝑡𝑎𝑛𝑖𝑜𝑢𝑠  𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦  𝑎𝑡  𝐼𝑚𝑝𝑎𝑐𝑡 = 2 ∗ 9.81 ∗ .25 = 2.21𝑚𝑠   	  	  
𝐹𝑜𝑟𝑐𝑒  𝑜𝑛  𝑊ℎ𝑒𝑒𝑙 = 12 ∗𝑚 ∗ 𝑑𝑣𝑑𝑡 = 12 ∗ 2.5𝑘𝑔 ∗ 2.21𝑑𝑡 	  Because	  the	  force	  on	  each	  wheel	  is	  dependent	  on	  the	  time	  to	  come	  to	  rest	  after	  the	  drop,	  the	  material	  pliability	  of	  the	  ground	  surface	  as	  well	  as	  the	  elasticity	  of	  the	  wheels	  and	  chasses	  leaves	  an	  error	  in	  our	  calculations.	  The	  tested	  force	  on	  each	  wheel	  was	  estimated	  as	  shown	  here:	  
𝐹𝑜𝑟𝑐𝑒  𝑜𝑛  𝑊ℎ𝑒𝑒𝑙 = 12 ∗𝑚 ∗ 𝑑𝑣𝑑𝑡 = 12 ∗ 2.5𝑘𝑔 ∗ 2.21. 1𝑠 = 27.6𝑛	  	   When	  this	  large	  force	  was	  simulated	  on	  the	  wheel	  spoke	  plate,	  the	  maximum	  stress	  and	  deflection	  appeared	  not	  in	  the	  spokes,	  but	  rather	  on	  the	  screw	  holes	  mounting	  the	  hub	  to	  the	  plate.	  This	  emphasizes	  the	  need	  for	  the	  large	  number	  of	  mounting	  screws	  used,	  as	  well	  as	  for	  the	  extra	  support	  of	  the	  support	  provided	  by	  the	  aluminum	  mast	  mounts	  during	  drop	  tests.	  The	  simulation	  results	  can	  be	  seen	  in	  Figure	  71.	  In	  this	  simulation,	  the	  outer	  surface	  is	  assumed	  to	  the	  rim.	  	  
	   	  
Figure	  71:	  Stress	  (Left)	  and	  Deflection	  (right)	  after	  drop	  test	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APPENDIX	  C:	  SELECTED	  MOTOR	  SPECIFICATIONS	  Values	  at	  nominal	  voltage	  	  Supply	  voltage	   12	  V	  	  No	  load	  speed	   4380	  rpm	  	  No	  load	  current	   144	  mA	  	  Nominal	  speed	   2940	  rpm	  	  Nominal	  torque	  (max.	  continuous	  torque)	   55.5	  mNm	  	  Nominal	  current	  (max.	  continuous	  current)	  2.03	  A	  	  Stall	  torque	   354	  mNm	  	  Starting	  current	   10	  A	  	  Max.	  efficiency	   78	  %	  Characteristics	  	  Terminal	  resistance	   1.2	  Ω	  	  Terminal	  inductance	   0.56	  mH	  	  Torque	  constant	   25.5	  mNm/A	  	  Speed	  constant	   374	  rpm/V	  	  Speed	  /	  torque	  gradient	   17.6	  rpm/mNm	  	  Mechanical	  time	  constant	   17.1	  ms	  	  Rotor	  inertia	   92.5	  gcm²	  Thermal	  data	  	  Thermal	  resistance	  housing-­‐ambient	   5.41	  KW-­‐1	  	  Thermal	  resistance	  winding-­‐housing	   3.97	  KW-­‐1	  	  Thermal	  time	  constant	  winding	   11.5	  s	  	  Thermal	  time	  constant	  motor	   251	  s	  	  Ambient	  temperature	   -­‐40...+100	  °C	  	  Max.	  permissible	  winding	  temperature	   +125	  °C	  Mechanical	  data	  	  Bearing	  Type	   ball	  bearings	  	  	  Max.	  permissible	  speed	   10000	  rpm	  	  Axial	  play	   0	  -­‐	  0.14	  mm	  	  Max.	  axial	  load	  (dynamic)	   4.8	  N	  	  Max.	  force	  for	  press	  fits	  (static)	   53	  N	  	  (static,	  shaft	  supported)	   1000	  N	  	  Max.	  radial	  loading	   21	  N,	  8	  mm	  from	  flange	  	  Other	  specifications	  	  Number	  of	  pole	  pairs	   8	  	  	  Number	  of	  phases	   3	  	  	  Direction	  of	  rotation	   Clockwise	  (CW)	  	  	  Number	  of	  autoclave	  cycles	   0	  	  
Figure	  72:	  Maxon	  Motor	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  APPENDIX	  D:	  MAXON	  GEARBOX	  SPECIFICATIONS	  	  General	  information	  	  Gear	  Art	   GP	  	  	  Outer	  diameter	   32	  mm	  	  Gear	  variant	   A	  	  Gear	  head	  Data	  	  Reduction	   66	  :	  1	  	  	  Reduction	  absolute	   16224/245	  	  	  Max.	  motor	  shaft	  diameter	   4	  mm	  	  Number	  of	  stages	   3	  	  	  Max.	  continuous	  torque	   4.5	  Nm	  	  Intermittently	  permissible	  torque	  at	  gear	  output	  6.5	  Nm	  	  Sense	  of	  rotation	  drive	  to	  output	   =	  	  	  Max.	  efficiency	   70	  %	  	  Weight	   190	  g	  	  Average	  backlash	  no	  load	   1	  °	  	  Mass	  inertia	   0.7	  gcm²	  	  Gear	  head	  length	  (L1)	   43.1	  mm	  	  Max.	  transferable	  continuous	  performance	   43	  W	  	  Max.	  transferable	  short-­‐time	  performance	   62	  W	  Technical	  Data	  	  Radial	  play	   max.	  0.14	  mm,	  5	  mm	  from	  flange	  	  	  Axial	  play	   max.	  0.4	  mm	  	  Max.	  radial	  load	   140	  N,	  10	  mm	  from	  flange	  	  	  Max.	  axial	  load	  (dynamic)	   120	  N	  	  Max.	  permissible	  force	  for	  press	  fits	   120	  N	  	  Recommended	  input	  speed	   6000	  rpm	  	  Max.	  short-­‐time	  input	  speed	   6000	  rpm	  	  Recommended	  temperature	  range	   -­‐40...+100	  °C	  	  Number	  of	  autoclave	  cycles	   0	  	  	  	  	  
Figure	  73:	  Maxon	  Gear	  Box	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APPENDIX	  E:	  GUMSTIX	  SINGLE	  BOARD	  COMPUTER	  SPECIFICATIONS	  
Overo	   In	  the	  Overo	  series	  Architecture	   ARM	  Cortex-­‐A8	  	  Temperature	   Built	  with	  components	  rated	  -­‐40C	  <	  T	  <	  85C	  except:	  	  -­‐	  microSD	  card	  slot:	  -­‐25C	  <	  T	  <	  85C	  	  -­‐	  Bluetooth/Wi-­‐Fi	  module:	  -­‐20C	  <	  T	  <	  75C	  	  Note:	  In	  volume,	  order	  any	  Overo	  COM	  with	  extended	  temperature	  components	  	  	  Processor	   Texas	  Instruments	  OMAP3530	  Applications	  Processor	  Processor	  Speed	   720	  MHz	  Digital	  signal	  processor	  (DSP)	   C64x+	  digital	  signal	  processor	  (DSP)	  core	  	  Graphics	   OpenGL	  POWERVR	  SGX	  for	  2D	  and	  3D	  graphics	  acceleration	  	  RAM	   512	  MB	  NAND	   512	  MB	  Performance	   Up	  to	  1,400	  Dhrystone	  MIPS	  	  Bluetooth	   Included	  	  802.11	  b/g	   Included	  	  2	  x	  70-­‐pin	  AVX	  connectors	   Included	  	  Camera	  Connector	   27-­‐pin	  connector	  for	  camera	  signals	  Layout	   For	  OEM	  design,	  use	  layout	  version	  R2606	  or	  later,	  shown	  here.	  	  COM	  Mounting	  Holes	   Four	  (4)	  x	  #0	  mounting	  holes	  for	  securing	  to	  Overo-­‐series,	  or	  custom,	  expansion	  board	  	  Power	  Management	   Texas	  Instruments	  TPS65950	  	  Weight	   GS3503FE	  @	  5.6g	  	  GUM3503FE	  @	  42.6g	  (incl.	  shipping	  case	  &	  2	  x	  antenna)	  	  Length	   58	  mm	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Width	   17	  mm	  Height	   4.2	  mm	  Power	   Powered	  via	  expansion	  board	  (Overo	  series	  or	  custom)	  connected	  to	  dual	  70-­‐pin	  connectors	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APPENDIX	  F:	  GUMSTIX	  ROBOVERO	  SPECIFICATIONS	  
Overo Within the Overo series of products  
Temperature Built with components rated 0< T <70C  
2 x 70-pin AVX connectors Included  
Accelerometer Accelerometer Magnetometer 
Gyroscope Low-power three-axis angular rate sensor  
motor control 
(GPIO/CAN/I2C/SPI/UART/PWM/analog) 
header pins for GPIO/CAN/I2C/SPI/UART/PWM and 
analog signals  
Controller Area Network (CAN) For use in applications employing the CAN serial 
communication physical layer in accordance with the 
ISO 11898 standard.  
USB Host Included  
USB Console Included  
Hub Commander™ interface Included  
Battery connector Battery holder for 6mm rechargeable coin  
COM Mounting Holes Four (4) x #0 mounting holes to secure an Overo COM  
Case Mounting Holes Four (4) x #2 mounting holes to secure the RoboVero  
Weight BRD30019 @ 32.2g  
Length  
Width  
Power Solder points for a battery with 5V < V_BATT < 17V 
provide ultimate mobility. Quickly switch to grid power 
by connecting a 5V, 3.5A wall adapter.  
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APPENDIX	  G:	  PCB	  DESIGN	  AND	  LAYOUT	  The	  PCB	  board	  created	  to	  handle	  these	  tasks	  is	  shown	  in	  Figure	  74	  and	  Figure	  75,	  which	  show	  the	  basic	  circuit	  level	  functionality	  of	  the	  board,	  as	  well	  as	  the	  trace	  layout	  implemented	  in	  the	  final	  design.	  
	  
Figure	  74:	  PCB	  Circuitry	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Figure	  75:	  Final	  Trace	  Layout	  	  PCB	  WIRING	  PINS	   	  ‘Bat’	  Connection	  to	  Battery	  Power	  Pin1	   Positive	  Power	  (Range	  of	  9-­‐15V)	  Pin2	   Ground	  	  ‘Switch’	  Nonpolar	  Power	  Switch	  Pin1	   To	  Switch	  Pin2	   To	  Switch	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‘Temp1’	  Temperature	  Sensor	  1	  Pin1	   Vcc	  (+)	  Pin2	   Vsig	  (signal)	  Pin3	   Vee	  (-­‐)	  	  ‘Temp2’	  Temperature	  Sensor	  2	  Pin1	   Vcc	  (+)	  Pin2	   Vsig	  (signal)	  Pin3	   Vee	  (-­‐)	  	  ‘Motor1’	  Connection	  to	  Motor	  Controller	  1	  Pin1	   Analog	  Speed	  Control	  Voltage	  Pin2	   Positive	  Controller	  Power	  (+)	  Pin3	   Negative	  Controller	  Power	  (-­‐)	  Pin4	  	   Actual	  Speed	  (Configurable	  Analog	  Pin)	  Pin5	   Motor	  Temperature	  Pin6	   Direction	  Pin7	   Enable/Disable	  Pin8	   Reconfigurable	  Signal	  Pin	  	  	  ‘Motor2’	  Connection	  to	  Motor	  Controller	  2	  Pin1	   Analog	  Speed	  Control	  Voltage	  Pin2	   Positive	  Controller	  Power	  (+)	  Pin3	   Negative	  Controller	  Power	  (-­‐)	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Pin4	  	   Actual	  Speed	  (Configurable	  Analog	  Pin)	  Pin5	   Motor	  Temperature	  Pin6	   Direction	  Pin7	   Enable/Disable	  Pin8	   Reconfigurable	  Signal	  Pin	  	  ‘ROBO’	  RoboVero	  Power	  and	  Communication	  Pins	  Pin1	   Temperature	  Sensor	  1	  	   ANALOG	  OUT	  0-­‐10V	  Pin2	   Temperature	  Sensor	  2	  	   ANALOG	  OUT	  0-­‐10V	  Pin3	   Actual	  Motor	  Speed	  1	  	   ANALOG	  OUT	  0-­‐10V	  Pin4	  	   Actual	  Motor	  Speed	  2	  	   ANALOG	  OUT	  0-­‐10V	  Pin5	   Motor	  1	  Temperature	  	   ANALOG	  OUT	  0-­‐10V	  Pin6	   Motor	  2	  Temperature	  	   ANALOG	  OUT	  0-­‐10V	  Pin7	   Motor	  1	  Direction	  	   DIGITAL	  INPUT	  Pin8	   Enable/Disable	  1	   DIGITAL	  INPUT	  Pin9	   Miscellaneous	  Output	  1	   RECONFIGURABLE	  Pin10	   Analog	  Speed	  Control	  Voltage	  1	   ANALOG	  IN	  0-­‐10V	  Pin11	   Analog	  Speed	  Control	  Voltage	  2	   ANALOG	  IN	  0-­‐10V	  Pin12	   Battery	  Voltage	  Sensor	   0-­‐5V	  (4V	  corresponds	  to	  12V	  Battery)	  Pin13	   Positive	  Power	  	  Vcc	   POWER	  +	  Pin14	   Negative	  Power	  Vee	   POWER	  -­‐	  Pin15	   Board	  Temperature	   ANALOG	  OUT	  0-­‐10V	  Pin16	   Motor	  2	  Direction	   DIGITAL	  INPUT	  Pin17	   Enable/Disable	  2	   DIGITAL	  INPUT	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Pin18	   Miscellaneous	  Output	  2	   RECONFIGURABLE	  	  PCB	  POPULATION	  	  
Parts	  List	  Part	   Quantity	   Location	  HDR	  1X2	   2	   	  HDR	  1X3	   2	   	  HDR	  1X8	   2	   	  HDR	  2X9	   1	   	  IC	  Mount	  14	  Pin	   1	   	  LM324N	   1	   	  10uF	   1	  	   C1	  100uF	   2	  	   C2,	  C3	  6K	  ohm	   2	  	   R1,	  R5	  3K	  ohm	   3	  	   R2,	  R8,	  R9	  2K	  ohm	   1	  	   R6	  300	  ohm	   1	  	   R3	  LED	  (Surface	  Mount)	   1	   	  LM35	   1	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PCB	  DIAGRAMS	  
	  
Figure	  76:	  Board	  Circuitry	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Figure	  77:	  Top	  View	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Appendix	  H:	  Micro	  Rover	  Interfaces	  MICRO	  ROVER	  INTERFACES	  FOR	  FUTURE	  USE	  	  
	  	  	  	  	  	  
OVERVIEW:	  The	  Micro-­‐rover	  is	  designed	  as	  a	  reconnaissance	  and	  inspection	  platform	  adhering	  to	  size	  and	  weight	  restrictions	  applicable	  to	  space	  exploration	  applications.	  This	  document	  provides	  a	  brief	  overview	  of	  the	  rover,	  as	  well	  as	  a	  guide	  for	  future	  use.	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MICRO-­‐ROVER	  FEATURES	  The	  Micro-­‐rover	  is	  a	  lightweight,	  rugged,	  easily	  deployable	  system	  capable	  of	  preforming	  reconnaissance	  and	  inspection	  during	  rover	  missions.	  The	  Micro-­‐rover	  (seen	  in	  Figure	  72)	  is	  capable	  of	  acting	  in	  parallel	  with	  primary	  rovers	  or	  landers,	  and	  is	  designed	  to	  act	  in	  tandem	  with	  these	  primary	  rovers	  to	  assist	  in	  accomplishing	  mission	  goals.	  	  
	  	  ASSEMBLY	  AND	  COMPONENT	  ACCESS	  The	  WPI	  Micro-­‐rover	  is	  designed	  to	  easily	  interface	  with	  other	  rovers	  or	  for	  use	  in	  other	  projects.	  The	  rover	  chassis	  can	  be	  easily	  accessed	  if	  an	  issue	  occurs	  or	  if	  modification	  is	  required,	  the	  assembly	  diagram	  is	  shown	  below.	  To	  access	  the	  chassis,	  the	  following	  steps	  must	  be	  taken	  (seen	  in	  Figure	  73):	  1. Disconnect	  switch	  and	  battery	  from	  rear	  of	  PCB	  board	  	  2. Remove	  roll	  bar	  retaining	  bolts	  from	  wheels	  [1]	  3. Remove	  wheel	  from	  hub	  by	  removing	  all	  six	  hub	  bolts	  [2]	  4. Remove	  charge	  node	  retaining	  bolts	  [3]	  5. Remove	  all	  retaining	  screws	  from	  central	  spacers	  (attached	  to	  side	  plates)	  [4]	  6. Gently	  pry	  two	  side	  plates	  apart,	  exposing	  electronics	  7. Remove	  cable	  from	  motor	  controllers	  to	  motor	  8. Completely	  separate	  rover	  into	  two	  pieces	  
Figure	  78:	  Micro-­‐rover	  Assembly	  
	   90	  
	   	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  
Figure	  79:	  Micro-­‐rover	  Assembly	  (2)	  
[3]	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  BATTERY	  ACCESS	  AND	  CHARGING	  Because	  the	  rover	  isn’t	  designed	  to	  be	  disassembled	  and	  assembles	  excessively,	  the	  battery	  is	  chargeable	  externally	  of	  the	  rover.	  This	  is	  done	  through	  the	  two	  charge	  nodes	  on	  the	  rear	  of	  the	  rover	  seen	  in	  Figure	  74.	  This	  procedure	  is	  as	  follows:	  1. Turn	  off	  micro-­‐rover	  switch	  2. Attach	  positive	  and	  negative	  alligator	  clips	  to	  the	  nodes	  shown	  below.	  Note	  that	  chassis	  is	  grounded.	  
	  
Figure	  80:	  Micro-­‐rover	  battery	  leads	  3. Charge	  as	  a	  12.8V	  multi-­‐cell	  LiFePO4	  battery	  to	  a	  voltage	  not	  exceeding	  14V,	  with	  current	  during	  charge	  not	  exceeding	  1A.	  	  SOFTWARE	  INTERFACE	  The	  only	  way	  to	  upload	  or	  download	  packages	  onto	  the	  Overo	  computer	  without	  disassembling	  the	  rover	  chassis	  is	  through	  connecting	  over	  the	  wireless	  network.	  The	  rover	  is	  
-­‐	  +	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preset	  to	  connect	  to	  an	  existing	  ORYX	  network,	  which	  can	  be	  created	  ad-­‐hoc	  through	  a	  control	  computer.	  ROS	  is	  required	  to	  be	  installed	  on	  the	  operating	  computer,	  as	  well	  as	  multiple	  nodes	  available	  through	  the	  ROS	  online	  site	  and	  custom	  built	  nodes	  developed	  for	  this	  project.	  
